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ERRATA 


Volume 52 y Number 1, January, 1948 
Page 242: Equation 28 should read 





+ Ka 


Volume 50, Number 4y July, 19Jfi 

Page 348: In the description of the standard taper ground joint below figure 1 
substitute “19/22^^ for ^^11/22”. 
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ERRATA 

Volume 63 f Number 9, December, 1949 

Page 1460: Correction to the paper entitled ^The Theory of Absolute Reac- 
tion Rates Applied to the Study of Polarographic Waves, by Henry Eyring, 
Leon Marker, and Ting-Chang Kwoh: 

The advantage of the method of plotting the first derivative of the 
polarographic wave to reveal the liberation of more than one product 
was called to our attention by Dr. Karl Zimmerman, who presented it 
at the January 1947 meeting of the Oregon Academy of Sciences and 
later in amplified form at the 115th Meeting of the American Chemi- 
cal Society in San Francisco, April, 1949. This was practically con- 
temporaneous with Heyrovsky^s similar treatment (Analyst 72 , 229 
(1947)). Through an oversight this information was omitted from the 
authors' paper. 


Volume 64, Number 2, February, 1960 

In the table of contents the page reference for the sixth article should be 239. 

Pages 237-8: In the paragraph beginning ^Table 1 summarizes" delete from 
^‘The most striking feature” to the end of the paragraph, the last word to be 
deleted being ^^chemisorption.” 




THE POTENTIALS OF FALLING DROPS' 


A- FRUMKIN AND J. BAGOTSKAJA 

Institute cf physical Chemistry ^ Academy of Sciences, University of Moscow, 

Moscow, U.S.S.R. 


^ Received August 26, 1947 

According to the theory developed by Frumkin and T^evich (3, 4), the velocity 
of fall of a mercury drop of radius a in a viscous medium is related to the elec- 
trical conductivity of the medium and the charge of the drop by the following 
expression: 

_ 2 (p — pQgg* 3 m + 3p' + , , 

9 M 2m +3m' + ^ 


where m and are the viscosities of the medium and the mercury, respectively, 
€ is the charge per unit surface of the mercury, k is the electrical conductivity of 
the medium, p' and p are the densities of the medium and the mercu^^, and g is 
the acceleration of gravity. This relationship derives from the effedt of the 
charge on the tangential motion of the surface. The tangential motion drags 
along the charges of the double layer, reducing their density in the front (lower) 
part of the drop and increasing it in the rear (upper) ; as a result, a potential 
difference is set up between the two ends of the drop which retards the tangential 
motion. Tliis potential difference is continimlly evened out, owing to the electri- 
cal conductivity of the medium. The relation between the velocity of the tan- 
gential motion of the surface at the equator of the drop, V, and the velocity of 
fall, U, is given by the formula: 




(P - P')(7a* 




3 2m + 3m' + 2(3m + 3m' + t’**'*) 


( 2 ) 


The term ' in t he denominator results from the above retardation effect due 


to the electric field. At ix + m', V 

OK 


' Oand U where Ua is the velocity 


of fall according to Stokes’s formula, i.e., the drop falls like a solid sphere. At 

Ufi 

€ « 0, F takes on its maximal value equal to ‘jr. — y—: and 

"vM T* M ^ 


u = u. 


3m + 3m ' 
2m + 3m' 


It is assumed in the theory that the drop can be considered ideally polarizable, 
i.e., that ions can neither be formed nor discharged on its surface, and that the 
changes in the charge distribution due to the motion are relatively small. The 


* Presented at the Twenty-first National Colloid Symposium, which was held under the 

auspices of the Division of Colloid Chemistry of the American Chemical Society at 
Palo Alto, California, June 18-20, 1947. 
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A. FRTJMKIN AND J. BAGOTSKAJA 


dependence of U /Vs on € and k derived from this theory has l>een experimentally 
confirmed (2). It is also possible to determine by this theory the magnitude of 
the field that is set up during the fall of a drop from the values of U, e, and h. 
The respective mathematical expressions are given in the papers of Frumkin 
and Levich (3, 4) . We shall present them here in a slightly different form, which 
more clearly reveals their physical significance. The potential distribution in a 
medium in which a drop of radius a is falling is given by the formula (3) 

^ €(p - p' )ga^ co£^ 

^ 3ic(2m + Sfi' + 


where r is the distance from the center of the drop and d the angle between the 
radius-vector and the direction of fall; the potential <p is taken equal to zero at a 
great distance from the drop. Inside the drop tpt = constant due to metallic 
conductivity. According to equations 1 and 2, equation 3 can be written in the 
following form: 

cFa^cosd 


At the surface of the drop 


(pa — - COS 6 
K 


(5) 


Equation 4 describes the field of a dipole situated in the center of the drop whose 
moment, M, equals 

tVa^K 


M = 


( 6 ) 


where K is the dielectric constant of the medium; the positive end of the dipole 
is directed downward.^ It follows from equation 5 that there exists a potential 
difference 


^ 2 €{ p - p' )ga^ 

K Kd^ 3 k{2p. + 3/x' + 


(14) 


* The mignitude of the dipole moment is determined by the distribution of charge den- 
sity in the double layer and of free charges on the surface of the drop. Each surface element, 
d«, of the double layer contributes a vertical component of the dipole moment equal to 


— ((Pi ““ (pa) cos ^ d« *= 

4ir 



tV 

cos 0 


cos 0 ds 


(7) 


Furthermore, the surface of the drop carries free charges whose density, according to equa- 
tion 4, is equal to: 


4t \dr /rmma 


K 2eV 
7 “ X — cos 0 
4ir Ka 


( 8 ) 


The free charge contributes a component of the dipole moment on a surface element ds 
equal to: 
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betAveen the front and rear of the drop. Experimentally we can measure the 
potential difference between various points of a tube in which drops are fallinj:i; 
(potential of falling drops) . Let us denote by E the c.hange in potential per unit 
length of the tube and assume, furthermore, that the drops fall one after another 
along a single vertical line. I^t the number of drops simultaneously present in 
unit length of the tube be N, and the cross-sections of the tube and the drop be 
S anvl .s, respectively. Then, obviously: 


E 


Air NM 
K 


Airn^ eV ^ 

- -- - - N - 2NA^ ■' 


(15) 


Aira^e gives the total charge of the inner sheet of the drop €. Finally, from equa- 
tion 15 we obtain for the current flowing in the external circuit when the column 
of liquid is short-circuited: 

7, = EkS - Aira^eVN = eVN (16) 


Adding expressions 7 and 9 and integrating over the surface of the sphere we obtain: 

K r . , K , Ka*€V 

jl/ I (j 2 j cOs^tf sin d d0 

4ir Jq Jo * 

i.e., equation 6 

The appearance of a dipole moment of the drop of stationary value M can be pictured as 
follows: If the potential difTerences arising from the motion were not evened out by the 
electrical conductivity of the medium, the dipole moment of the drop would increase con- 
tinuously, owing to convective transfer of the double-layer charges. It can easily be 
shown that its increment in unit time would be 


2aV€K 

C 


( 10 ) 


where C is the capacity of the double layer. 

The radial current on unit surface of the drop is evidently ecpial to 





2eV 

— — cos 0 

a 


2Mk 

Ka^ 


( 11 ) 


where the current flowing to the drop is considered positive. The charge density on the 
outer sheet of the double layer differs from its equilibrium value 


« « — 

by a magnit ude 

^ CfF CM 

Ac = Cfpa = — COS 0 — - eos 0 

w h(i' 


( 12 ) 


It follows from a eomparison of equations 11 and 12 that the inhomogeneity of the charge 
distribution arising from the nifition of the surface should decrease by a factor of Me in 
time 


r = 


^ 1^ 
2 K 


The quantity r thus expresses the relaxation time of the elect rical field of the drop, 
plying equation 10 by equation 13 we actually obtain: 

2oro€/C iCa^ €Va^K 

C ^ 2 K K 


(13) 

Multi- 
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Expression 16 can be obtained, in order of magnitude, by the following ele- 
mentary considerations. The motion of the surface transfers in unit time 
through the equatorial cross-section of the drop a quantity of electricity equal 
to 2irO€F across a distance of the order of 2o; this is equivalent to a current of 
4«»*«F = «F, or eVN for N drops. Such considerations cannot, of course, give 
the value of the numerical coefficient, which can be found only from more com- 
plicated computations. 

Equation 15 can also be written down in another form, more convenient for 
experimental verification. Denote by Eu the potential difference between two 
points of the column a distance I apart. Then, referring to equation 2 we have: 


4iro*eF _ Gira^UiteNl 

~ i5(37+ 3m' + 


(17) 


Let the drops fall one after another and let the time between the formation of 
two successive drops (the dropping time) be h- Then UN = l/fo; hence 

(cS<o(3m + 3m' + e'K-*) KRUo{Z^ + 3ii' + ^ 


where R is the radius of the tube in which the drops are falling. 

Frumkin and Levich (3) attempted to verify these relations on Bach’s measure- 
ments (1) of the currents arising when mercury drops fall in aqueous solutions. 
However, in the conditions of Bach’s experiments the quantity « could not even 
approximately be considered constant, neither was it determined experimentally. 
Therefore, despite the approximate agreement between the computed and ob- 
served values of /o, this verification cannot be considered sufficiently convincing. 

In the present investigation the relations derived were verified imder fcondi- 
tions approaching as closely as possible the assumptions lying at the basis of the 
theory. The hydrodynamical theory was worked out on the assumption that 
the Reynolds number for the fall of the drops was less than unity; therefore, in 
this investigation, as in that of Bagotskaja and Frumkin (2), solutions of electro- 
lytes in glycerol were chosen for the medium. Since the viscosity of mercury is 
small compared to that of glycerol, we can in this case neglect m' iu comparison 
with M and write equation 18 in the following form: 


Eli = 




The measurements were carried out with the apparatus depicted in figure 1. 
Under a, pressure of about 25 cm. of mercury, drops of mercury 0.60-0.65 mm. 
in radius were forced out of a capillary into a solution of potassium bromide in 
^ycerol with a small water content (1-2 per cent). The dropping time was 
approximately 0.4 sec., the viscosity of the solutions at 20°C. 8-14 poises, and 
the velocity of fall of the drops about 1. 0-1.2 cm./sec. Prior to the measure- 
ments the solution heated to 50-60®C. (to reduce the viscosity) wa^ i^turated 
for 6 hr. in a side vessel (B) with electrolytic hydrogen purified from oxygen over 
palladium and dried over calcium ehloride. In addition, hydrogen was passed 



POTENTIALS OP PALLING DROPS 


5 


through the solution at room temperature for about 24 hr. The solution must 
be scrupulously purified from oxygen in order that the initial charge of the drop 
should not change during its fall. The oxygen-free solution was forced by hydro- 
gen pressure into the measuring vessel A, a vertical tube of radius 0.70 cm. 
preliminarily flushed with hydrogen. The solutions were prepared from chemi- 
cally pure glycerol which was not purified any further. Potassium bromide was 



Fig. 1. The apparatus 


twice recrystallized and heated to 400''C. l)efore use. The solutions were pre- 
pared directly in the vessel B. The potential arising from the fall of the drops 
was measured by means of silver-silver bromide electrodes 1, 2, and 3, prepared 
by the electrolytic deposition of silver on platinum followed by anodic polariza- 
tion in a potassium bromide solution. The distance between electrodes 1 and 2 
was 4.0 cm. ; that between electrodes 2 and 3 was 6.7 cm. The drops were given 
a definite charge by means of an e.m.p. in the circuit consisting of the auxiliary 
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electrode E, the solution, and the growing drop. The auxiliary electrode con- 
sisted usually of a mercury surface in the same solution; « was computed from 
the equation f = €-4 , where i is the mean charging current measured by a sensi- 
tive galvanometer, and A is the surface area of the drops formed in unit time. 
The latter was calculated from the radius of the drops and the dropping period. 
The radius of the drops under the given conditions of dropping was determined 
from their weight. To this end the drops were collected in the lower part of the 
tube A and evacuated^ therefrom by way of the stopcock g. The radius of the 
drops varied slightly during one series of measurements, depending on the value 
of the charge, and the potentials of the falling drops were calculated using the 
value of the radius determined experimentally under the given conditions. The 
temperature was measured by a thermometer (H) immersed in the solution. 
Since the temperature varied slightly during a series of measurements (within 
0.6 °C.), the viscosity and electrical conductivity of the medium were determined 
for several close temperatures by the usual methods and the values corresponding 
to the experimental conditions were found by interpolation. The potential dif- 
ference between the silver-silver bromide electrodes was measured by a d.c. 
cathode voltmeter of sensitivity approximately 1 mv. per scale division. Since 
the internal resistance of the entire system was very great, the apparatus was 
carefully insulated by paraffin supports and shielded from external electrical 
influences by a grounded Faraday cage. Since the potentials of the silver-silver 
bromide electrodes differed and, in addition, varied slightly with time, the quan- 
tities En and were determined from the shift of the potential difference be- 
tween electrodes 2 and 1 or 1 and 2 during the dropping of the mercury relative 
to the value observed after the dropping was stopped. 

Figures 2, 3, and 4 show curves representing the observed dependence of En 
and Eiz on the charge density on the drop (full-line curves) and curves computed 
by equation 18a at various values of k (dotted lines) . The quantity t was varied 
from 30-40 X 10“® to —16 X 10“"®coulombs/cm,‘^ At more negative values of t 
the dropping became irregular. The agreement between the experimental and 
theoretical values of E can be considered quite satisfactory, especially if it is 
borne in mind that the theoretical formula contains no arbitrary constants. 
The discrepancy is somewhat greater for the smallest values of k\ wc shall return 
to this circumstance later on. In accordance with equation 17a IE23I was always 
greater than [Ewl, since the distance between the electrodes 3 and 2 exceeded 
that between 2 and 1 by a factor of 1,42. As equation 18a demands, the quan- 
tity E increases with decreasing k] as e increases in absolute value, E increases, 
passes through a maximum, and then drops off. If U and a are considered inde- 
pendent of €, then according to equation 18a, the maximal value of E corresponds 
to c = The maximum is clearly pronounced on the experimental E, € 

curves when the electrical conductivity of the solution is small enough. 

There are, however, some differences between the experimental and the theo- 
retical curves. In the first place, the experimental values in all cases pass through 
zero not at e «= 0, as the theory demands, but at somewliat more negative values 
of €, so that the observed E,€ curves are slightly displaced towards more negative 
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€ relative to the theoretical curves. A similar shift was observed in measure- 
ments of the velocity of fall of drops as a function of their charge (2). It was 



Fig. 2. Relation between the potentials of falling drops En and and charge density c 

in glycerol. ^1 N potassium bromide; m » 7.8; ic « 2.1 X 10“*. , theoretical curves; 

O, experimental values of En\ experimental values of 



Fig. 3. Relation between the potential of falling drops Eiz and charge density e. 0.03 N 

potassium bromide; m 9.0; « « 1.1 X 10“®. , theoretical curve; O, experimental 

values* 

suggested in that paper that the displacement was due to traces of oxygen or 
other depolarizers (e.g., mercury ions) in the solution, which during the fall of 
the drop slightly shift its charge in the positive direction. Hence, in order to 
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obtain the zero value of « midway between the electrodes, which should evidently 
correspond to the measured zero value of E, we must give the drop an initial 
negative charge. This explanation is corroborated by the circumstance that the 
displacement of the experimental curve relative to the theoretical is greater for 
the Eti curves than for the Evi curves (figure 2). Since the path of the drops is 
longer in the first case than in the second, the increase of the initial charge due to 
diffusion of the depolarizer from the solution to the surface of the drop should be 
greater.* The effect of variation of the charge during the growth and fall of the 





Fig. 4. Relation between the potential of falling drops En and charge density e. 0.015 N 

potassium bromide; m ** 13.5; k =* 4.1 X lO*'®. , theoretical curve; O, experimental 

values. 

drops on the potentials E^i and is much stronger when purification of the 
solution from oxygen has been less thorough. Figure 5 shows curves obtained 
after a purification which was limited to bubbling hydrogen through the glycerol 
for hr. at room temperature. As appears from the figure, in this case the 
variation of the initial value of c hardly affects the values of E and only with 
very large initial negative c does E slightly decrease. Evidently, under the 
action of the dissolved oxygen, the charge of the drop approaches a definite 

* In this case, however, the quantitative relations are not quite clear. Indeed, the dis- 
tance from the tip of the capillary to the midpoint between electrodes 3 and 2 was 8.8 cm. 
and to the midpoint between electrodes 1 and 2, 4 cm. The ratio of the displacements of the 
zero values of ^23 and ^12 compared with the point € « 0 should therefore have been 2.2. 
Actually, the mean value of this ratio from four series of measurements was 1.4. This dis- 
crepancy can only be explained by assuming that the change in the charge occurs to a con- 
siderable extent during the growth of the drop. Computations show that if the con- 
centration of the depolarizer were the same throughout the system, the variation of the 
charge during the growth of the drop could be neglected. It is, however, possible that the 
concentration of the depolarizer was higher near the tip of the capillary than on the remain- 
ing path of the drop, owdng to the proximity of the electrode E. 
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positive value, practically inHe^ndent of its initial value. A comparison of the 
experimental and the theoretical curves shows another source of divergence 
between theory and experiment which is more strongly felt in more dilute solu- 
tions. As appears from figure 4, at sufficiently small values of k the maximum 
observed values of E are definitely lower than the theoretical, which especially 
affects the positive branch of the curve. The cause of this divergence becomes 
apparent if, using equation 15, we compute the potential differences between the 



Fig. 5. Relation between the potentials of falling drops Ei 2 and charge density fin 
glycerol after incomplete removal of oxygen, N potassium bromide ;m « 8.3; jc « 1.9 X 

10^*. , theoretical curves; O, experimental values of Eu] A, experimental values of 

jE?j|. 


TABLE 1 

Maximum values of in solutions of different conductivity 


K 


Ea (OBSKIVED) 
MAXllITTM POSITTSTE 
VALUE 

A’i 




volts 


volts 

1.99 X 10-^ 

7.9 

0.003 

6.4 

0.10 

1.06 X 10-‘ 

9.3 

0.025 

7.5 

0.27 

4.15 X 

13.1 

0,040 

8.0 

0.36 


front and rear ends of the drop which correspond to the maximum observed 
values of E in solutions of different conductivity. 

As appears from table 1, the values of A# are very large and in dilute solutions 
at any rate are comparable to the potential difference in the double layer of the 
drop corresponding to an even distribution of charge. The latter as a rule was 
not measured in our experiments but can be estimated frpm the values of « and 
the capacity of the double layer. For example, in a solution with k = 4.2 X 10 
the experimental maximum value of Ea corresponded to a positive « equal to 
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7.5 X lO"® (if the variation of € during the fall of the drop is taken into con- 
sideration, i.e., assuming that € = 0 at £12 0) ; whence, putting the capacity 

of the double layer equal to 30 X 10“*, we find = 0.25. Thus in dilute 

solutions the variation of the potential distribution due to the tangential motion 
of the surface is so great that it completely distorts the initial charge distribution. 
Under these conditions the charge density at the front end of the drop should 
approach zero independently of its initial value, whereas at the opposite end it 
can grow to values at which (in the case of positive e) ionization of the mercury 
begins. Under these conditions a further dilution of the solution cannot there- 
fore cause a marked increase in or E. 

If we proceed from the theoretical rather than the experimental values of 
the limits of quantitative application of the theory can be established as follows: 
It has already been pointed out that for the theory to be strictly ai^plicable the 
variation of the potential difference between mercury and solution must be small 
compared with its initial value, i.e. 


whence, 


and 


m 



(C > VC 

The most interesting case is that when A4> reaches its maximum value. It 
follows from equation 14 that the maximum value of corresponds to 
* = and V = iU,. If we put U, ~ I and (7 ~ 30 X 10 then from con- 

dition 19 we obtain: 


K > 10-* 

Our measurements were thus carried out up to values which already lie outside 
the lower limit of the strict applicability of the theory ft)r drops of the given 
dimensions. 

The agreement between the theory developed and the results of measurements 
of the potentials of falling drops leads to the following interesting conclusion. 
The mathematical relations were derived on the assumption that extension or 
compression affect the potential difference in the double layer only insofar as 
they change the charge density «. 

This assumption remains valid only if the relaxation time of the double layer 
itself is small compared with the computed ndaxation time of the electrical field 
of the drop as a whole (equation 13) : 
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At C 3 X 10-‘, 0 ~ 6 X 10'*, and K ~ 4 X 10~‘, r ~ 2 X 10'*. It thus 
follows from our experiments that the relaxation time of the double layer for 
glycerol solutions is less than 2 X 10”®. In the case of aqueous solutions, for 
which however equally trustworthy measurements are not yet available, similar 
calculations show that the upper limit for the relaxation time of the double layer 
is of the order of 10“® or even less. 

It is of interest to compare the observed values of the potentials of fall of 
drops with the values of the potentials which should arise under similar condi- 
tions of fall of solid particles (Dorn effect). The mathematical expression for 
this case was deduced by Smoluchowski (6) . In our notation it has the form : 

E = — (P - pOj/a’A (20) 

The quantity v?* ■“ <Pa here expresses the ordinary f-potential of colloid chemistry. 
Putting <p, — <pa — OA and « = 4 X 10“® ohm~^ cm.““^ under the conditions of 
our experiments, we obtain by Smoluchowski ’s formula: 

E 10“^ volts/cm. 

w^hereas the observed values of E were 10“^ volts/cm., i.e., they exceeded the 
calculated values for solid spheres by a factor of 10®. In solutions of higher elec- 
trical conductivity the difference will be even greater. 

SUMMARY 

It is shown that when mercury drops fall in a viscous medium the tangential 
motion of the surface displaces the charges of the double layer from the lower 
to the upper end of the drop, giving rise to a potential difference between the two 
ends. For drops of radius 0.0 mm., viscosity of the solution 13, and electrical 
conductivity 4X10"** the potential difference between the lower and upper ends 
of the drop reaches 0.4 volt. Measurements of the potential differences between 
various points of a liquid column in which drops are falling bear out the correct- 
ness of the expressions for the potentials of falling drops derived by Frumkin 
and I.evich. In accordance wdth the theory, with increase in the charge density 
the absolute value of the potential of falling drops first increases, reaches a maxi- 
mum, and then drops off. It also follows from these measurements that the 
relaxation time of the electrical double layer at the mercury-solution interface 
in glycerol is less than 2 X 10”^ sec. 
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Solubilization (4) consists in the spontaneous passage of an insoluble sub- 
stance into a dilute solution of a detergent to form a thermodynamically stable 
colloidal solution. Recent studies from the Stanford laboratory are those of 
Merrill (6, 8), Sister Agnes Ann Green (3, 5), and Richards (7). An extensive 
survey of the relevant literature has been given by Sister Agnes Ann Green (2). 

The present work describes the solubilization of water-insoluble dye over a 
complete range of concentration from 0 to 100 per cent detergent, using hexanol- 
amine oleate and two non-ionic detergents. These and other results are con- 
trasted with ordinary solution in mixed solvents. In each case strong 
solubilization appears as soon as colloid is present. Other results refer to 
solubilization by bile salts and the enhancing effect of added sodium salts thereon. 
Some comparisons are made with the osmotic behavior of the respective de- 
tergents. 


MATERIALS AND METHOD 


The experimental method has been described previously (5). Well-crys- 
tallized dye was used, measurements being made after the first week of mild 
agitation on successive samples until constancy indicated that equilibrium was 
attained. Each sample was centrifuged for 30 min. and allowed to stand for 24 
hr. before taking clear supernatant liquid for analysis. 

The hexanolamine oleate was prepared by mixing equivalent weights of oleic 
acid (Kahlbaum) and hexanolamine, kindly supplied by the Shell Development 
Company. Nonaethylene glycol monolaurate was obtained from the Glyco 
Products Co., Inc. The pure bile acids were supplied by Riedel de Haen and 
neutralized with carbon dioxide-free sodium hydroxide. Detergent is a 
condensation product of isooctylphenoP and ethylene oxide. Triton NE 
(polyalkylene ethyl alcohol) was supplied by Rohm and Haas. The Catol 607 
was especially purified by the Emulsol Corporation; it has the following formula: 


C11H23COOC2H4NHCOCH2- 


CH~~CH 

Z' \ 

N CH 

1 \ / 

Cl CH=-CH 


1 Presented at the Twenty-first National Colloid Symposium, which was held Under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 

* Present address: Permanente Metals Corporation, Permanente, California- 

* Present address: Philadelphia Quartz Company. Philadelphia, Pennsylvania. 

^ (2-Methylheptyl)phenol. 
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The purified Oronite sulfonate was supplied by the Oronite Chemical Company. 
It is a sodium sulfonate of a trisubstituted benzene having a total of eighteen 
carbon atoms in the three substituting alkyl groups. It contained 67.57 per cent 
active material, 32 per cent water, and 0.40 per cent sodium sulfate. 

The dyes were supplied by the Calco Company, and were Orange OT (F.D. 
and C. Orange No. 2; l-o-tolylazo-2-naphthol) and Yellow AB (F.D. and C. 
Yellow No. 3; phenolazonaphthalamine). 

RESULTS WITH HEXANOLAMINE OLEATE 

The colloidal electrolytic detergent hexanolamine oleate was selected for study 
because it offered an opportunity to compare solubilization in an isotropic solu- 
tion with that in an anisotropic solution at moderate temperature, and also be- 
cause it is miscible with water in all proportions. An equilibrium temperature 

TABLE 1 


Solubilization of Orange OT (mol. wt. 262. S) in aqueous solutions of hexanolamine oleate (mol. 

wt. 400.0) at 70^C. 


PETLR&ENT 

D\E PER MOLE OF DFTKRGENT 

1 

MOLAR RATIO X 10* 

*dye/soap 

weight per cent 

grams 


0.5 

7.56 

2 . 86 * 

1.0 

8.32 

3 . 18 * 

5.0 

8.20 

3 . 12 * 

10.0 

5.30 

2.02 

16.66 1 

5.38 

2.05 

20.0 

5.50 

2.10 

25.0 

5.44 

2.07 

50 0 

7.12 

2.72 

90.0 

12.90 

4.92 

100.0 

16.20 

6.18 


* Indicates suspending action. 


of 70®C. was chosen for most of the studies with this detergent, since solutions 
above approximately 10 per cent are viscous solutions, or even jellies, at room 
temperatures. The data obtained are summarized in table 1 . The solubiliza- 
tion decreases smoothly from 100 per cent detergent down to 10 per cent; that is, 
from an isotropic phase through two liquid-crystalline phases, and the ordinary 
isotropic soap solution. Below 5 per cent the values appear erratic, owing to 
suspending action on small particles or fragments of dye. 

The phase diagram of Gonick and McBain (1) had to be partially revised, in 
that it was found that at 70®C. the heterogeneous region between isotropic 
solution and the first liquid-Ofystalline phase extended from 15 per cent to 30 per 
cent instead of from 28 per cent to 34 per cent. The revised phase diagram is 
given in figure 1. The circles represent the points originally established by 
Gonick and McBain, and the crosses the values which were obtained by sealing 
samples of various concentrations in evacuated tubes and observing them be- 
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tween crossed polaroids while gradually raising the temperature and keeping the 
contents stirred. 

At 25°C., solutions of hexanolamine oleate were studied over a concentration 
range from about 5 per cent down to 0.025 per cent. To avoid suspension in the 



I'fd. 1, Phase diagram for hexanolamine oleate 


TABLE 2 


Solubilization of Orange OT by solutions of hexanolamine oleate at 85°C 


DETESGKNT 

DVE PEE 100 CC. OP SOlimON 

^ DYE PER GRAM OP 

DETERGENT 

MOLAR RATIO X 10* 
dve/soap 

vmiht per cenl 

mg. 

mg. 


0.025 

0.04 

1.53 

0.23 

0.053 

0,09 

1.67 

0.26 

0.126 

0.64 

5.10 

0.78 

0.25 

1.41 

5.72 

0.87 

0.48 

2.82 

, 5.93 

0.91 

0.84 

5.14 

6.09 

0.93 

1.00 

6.22 

6.21 

0.95 

2.83 

20,70 

7.31 

1.12 

4.78 

36.88 

7.71 

1.18 


dilute solutions the method developed by Sister Agnes Ann Green (5) was used, 
in which the dye was dissolved in n-hexadecane. The n-hexadecane itself is not 
solubilized (7), Results are set forth in table 2 and plotted in figure 2. The 
milligrams of dye solubilized and the molar ratio of dye to soap both show an 
increase over this range. The increase is rapid at first, trebling between 0.0255 
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and 0.1265, and then it slopes into a nearly linear increase with concentration up 
to 5 per cent detergent. Solubilization appears to follow the usual course of 
beginning distinctly below the so-called critical concentration for micelles, owing 
to promotion of formation of micelle through interaction of detergent with the 
solubilized material. For hexanolamine oleate the critical concentration is 
approximately 0.12 per cent. The solubilization curves and the osmotic 
(coefficients for hexanolamine oleate appear to be very similar to those for 
potassium oleate. 

For 5 per cent hexanolamine oleate the solubilization at TO^^C. is twice that at 
25°C. No adequate explanation has yet been given of this usual temperature 
coefficient of solubilization. 



Fir.. 2. Solubilization of Orange OT by dilute aqueous solutions of hexanolamine oleate 
and the non-ionic Detergent “X"', at 25°C. 

When 10 eciuivalents per cent excess of the amine is added to a 1 per cent solu- 
tion of hexanolamine oleate, the solubilization is scarcely affected; it falls from a 
molar ratio of 0.65 to 0.63 X 10®. 

RESULTS WITH CaTOL 607 

The cation-active detergent (^atol 607 (mol. wt. 394.9) solubilizes Orange OT 
at 0°C\, as shown in table 3. Table 4 shows the solubilization at 25°0. and also 
shows how greatly it is enhjinced by the addition of progressive amounts of 
potassium chloride. All these results are compared in figure 3. 

RESULTS WTTH NON-IONIZING DETERGENTS 

Nonaethylene glycol monolaurate (mol. wt. 600), Triton NE (mol. wt. not 
measured), and Detergent (mol. wt. 636) are non-ionizing detergents miscible 
with water in all proportions. Unlijie hexanolamine oleate, which is also miscible 
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TABLE 3 


Solvbilitation of Orange OT in aqueous eoluiions of Caiol 607 at O^C. 


NORMALITY 

DYE 100 CC. Of SOLUTION 

DYE PSl 6XA1C Of 
DETEBOENT 

MOLAB BATIO X 10« 
dye/Catol 


mg. 

Mg. 


" 0.0002 

0 

0 

0 

0.0006 

0.008 

0.40 

6 

0.0010 

0.02 

0.46 

7 

0.0025 

0.04 

0.40 

6 

0.0050 

0.13 

0.66 

10 

0.0075 

0.30 

0.99 

16 

0.0090 

0.51 

1.4 

21 

0.0120 

0.75 

1.6 

24 

0.0160 

1.12 

1.8 

28 

0.0180 

1.36 

1.9 

29 

0.0220 

1.77 

2.0 

30 

0.0326 

3.10 

2.4 

36 

0.0600 

5.72 

2.4 

36.4 

0.0900 

8.71 

2.5 

36.9 


TABLE 4 


Solubilization of Orange OT in moles dye X 10> per mole of Caiol 607 solutions at tSX., as 

influenced by potassium chloride 


NOBMALITY 

Of Catol 

WITHOUT 

SALT 

POTASSIUM CHLOBZDE 

0.010 N 

0.030 

0.0668 N 

0.1468 N 

0.6468 

0.0002 

0 

1.9 

2.3 

1.9 

2.8 


0.0005 

2.4 



5,3 



0.0010 

1.9 

2.6 

5.7 

4.9 

5.3 

7.5 

0.0025 

1.6 

2.3 




8.2 

0.0050 

2.7 

4.7 

5.7 

6.6 



0.0075 

2.8 

4.5 





0,0090 

3.6 

4.9 

6.0 

6.6 


8.1 

0.0120 

4.6 






0.0150 

5.1 

6.4 

6.7 

1 7.2 

7.5 

9.0 

0.0180 

5.3 






0.0220 

5.9 

6.1 

6.9 

1 

7.0 

7.4 

9.2 

0.0280 

6.1 

6.3 

6.6 

7.1 

7.4 

8.9 

0.0325 

5.7 

5.9 




9.0 

0.060 

5.6 

0.2 



7.1 

9.0 

0.090 

5.7 

6,0 



7.6 

9.4 


with water but passes through two ranges of liquid-ciystalline phases, all these 
solutions are free-flowing isotropic liquids over the whole concentration range 
at 25»C. 

Solubilization by nonaethylene glycol monolaurate at 25®C. is much greater 
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than by hexanolamine oleate at 25°C. but is very simiilar to that of hexanolamirie 
oleate at 70®C. The results are shown in table 5* Nonaethylene glycol mono- 
laurate is a better solubilizer than potassium laurate, solubilizing twice as much 



Fig. 3. Solubilization of Orange OT by solutions of a cation-active detergent with and 
without added potassium chloride. 


TABLE 5 


Solubilization of Orange OT by nonaethylene glycol monolaurate at S6°C. 


PETESCENT 

DYE PER 100 CC. or SOLUTION 

DYE PER GRAM OF 
DETERGENT 

MOLAR RATIO X 10* 
dye/soap 

weight per cent 

mg. 

mg. 


0.06 

0.34 

5.52 

1.26 

0.12 

0.81 

6.60 

1.51 

0.21 

1.81 

8.41 

1.93 

0.25 

2.11 

8.51 

1.95 

0.49 

4.19 

8.55 

1.96 

1.32 

11.45 

8.68 

1.99 

5.0 

42.5 

8.49 

1.94 

7.95 

70.6 

8.88 

2.03 

11.0 

97.5 

8.77 

2.01 

15.46 

130 

8.41 

1.93 

20.98 

180 

8.57 

1 97 

28.10 

245 

8.71 

2.00 

37.49 

365 

9.72 

2.23 

89.95 

2055 

22.74 

5.24 

100.00 

3075 

1 

30.75 

7.04 


on a weight basis and five times the amount on the basis of mole ratio. Its 
critical concentration is also lower than that of potassium laurate. 

The results for Detergent are given in table 6 and in figures 2 and 4. Ita 
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TABLE 6 


Solubilization of Orange OT by Detergent “X” (mol. ivt. 636) at tS’C. 


CQlfPOSmON 

BY WBXOBT 

DYE PEB 100 CC. OP SOLtmON 

DYE PER GRAM OP 
DETERGENT 

MOLAR RATIO X 10* 

dye/roap 

per cent 

mg. 

mg. 


0.0169 

0.032 

1.89 

0.46 

0.0292 

0.085 

2.91 

0.71 

0.0562 

0.177 

3.15 

0.76 

0.1401 

0.510 

3.66 

0.89 

0.2666 

0.961 

3.75 

0.91 

0.609 

1.93 

3.83 

0.93 

1.003 

3.66 

3.99 

0.99 

2.011 

10.38 

6.17 

1.25 

4.392 

23.45 

6.30 

1.30 

4.560 

25.00 

6.49 

1.33 

7.262 

41.80 

5.73 

1.40 

14.489 

78.75 

5.47 

1.32 

26.047 

148 

5.68 

1.38 

49.367 

337 

6.83 

1.66 

74.785 

850 

11.36 

2.76 

100,0 

3250 

32.49 

7.89 


TABLE 7 


Solubilization of Orange OT in aqueous solutions of Triton NE (assumed mol. uit. 600) at SB^C. 


Triton NE 

PER 100 CC. OP SOLUTION 

DYE PER 100 CC. OP SOLUTION 

DYE PER CRAM OF 

Triton NE 

MOLAR RATIO X 10* 

dye/Triton 

grams 

mg. 

mg. 


0.008 

0.06 

7.5* 

1.72 

0.010 

0.1 

10.0* 

2.29 

0.050 

0.3 

6.0* 

1.37 

0.10 

0.62 

0.2* 

1.42 

0.50 

2.5 

6.0* 

1.15 

1.00 

5.4 

5.4* 

1.24 

2.07 

8.7 

4.7 

1.08 

3.00 

11.3 

4.7 

1.08 

4.15 

18.0 

4,8 

1.10 

5.0 

25.7 

5.1 

1.17 

6.0 

I 30.5 

5.0 

1.15 

8.3 

36.5 

4.9 

1.12 

10.0 

50.4 

5.0 

1.15 

11.07 

52. 

5.1 

1.17 

14.76 

77. 

5.2 

1.19 

19.68 

99. 

5.0 

1.17 

19.69 

99. 

5.0 

1.17 

26.26 

129. 

5.1 

1.17 

35.00 

173. 

4.9 

1.12 


* Results high, owing to suspending of fine particles of dye. 


critical concentration is about the same as that for the other two non-ionizing 
detergmts studied. The results with Triton NE are given in table 7. 



•SOLUBILIZATION OF WATER-INSOLUBLE DYE 


19 


SOLUBILIZATION OF OrANGE OT AND YeLLOW AB BY BILE SALTS 

Yellow AB is about 3.5 times more soluble than Orange OT in solutions of bile 
salts. Sodium cholate is not as effective as sodium deoxycholate but sodium 
dehydrocholate is of a lower order of magnitude altogether, solubilizing only 
l/85th as much as the deoxycholate. Conductivity and osmotic coefficient 
show that sodium dehydrocholate contains very little colloid. The results are 
given in tables 8 and 9, wffiere it is also shown that in every case the solubilization 
is enhanced by the presence of 0.025 N sodium salt. This corrects the opposite 
indication given in reference 6. 


TABLE 8 

Solubilization of Orange OT and Yellow AB at 2S^C. by 0.1 N sodium deoxycholate 



WITHOUT SALT 

with 0.025 N NaCl 

WITH 0.025 N NaaSOi 

Orange OT 

Yellow AB 

Orange OT 

YeUow AB 

Orange OT 

Yellow AB 

Milligrams of dye per 100 cc 

Grams of dye per mole ... 

Mole ratio X 10® dyc/detergent . . 

14.87 

1.487 

5.66 

47.50 

4.750 

1.92 

17.15 

1.715 

6.52 

51.50 

5.150 

2.08 

16.75 

1.675 

6.38 

50.50 

5.05 

2.04 


TABLE 9 

Solubdmiiion of Orange OT at SS^C. by 0.1 N sodium cholate and sodium dehydrocholate 


WITHOUT SALT 


WITH 0.02S N NaCl 


Sodium cholate 


Milligrams of dye per 100 cc 

10.45 

11.53 

Grams of dye per mole 

1.045 

1.153 

Mole ratio X 10® dye/de tergeiit 

3.98 

4.90 

Sodium dehydrocholate 

Milligrams of dye per 100 cc 

0.174 

0.226 

Grams of dye per mole 

0.0174 

0.0226 

Mole ratio X 10® dye/detergent . . 

----* - 

0.0664 

0.0860 


PURIFIED OrONITE SULFONATE 

Solubilization of Orange OT by 1 per cent solutions of purified Oronite sul- 
fonate (mol. wt. 432.6) at 25°C. is as follows, where the milligrams per gram and 
the molar ratio have been calculated on the basis of the active constituent in this 
commercial sample: 


Milligrams of dye per 100 cc. of solution 

S.40 

Milligrams of dye per gram 

12.4 

Mole ratio dye/soap . . 

2.04 X 10-^ 

Grams of dye per mole. 

5.36 
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DISCUSSION 

It is of interest to compare and contrast ordinary molecular solutions of dye by 
mixed solvent with solubilization by aqueous colloidal electrolytes. This is done 
in figure 4. The solubility of Orange OT at 25°C. in aqueous acetone is ex- 
cessively small until there is a preponderance of acetone; 


Per cent acetone. . . 

8.1 

16.5 

34.6 

54.3 

76,1 

Grams of dye per mole 

0.0029 

0.0071 

0.0066 

0.055 

0.37 



Fig. 4. Solubilization of Orange OT by one anion-artive detergent and three non-ionic 
detergents over the whole range from 0 to 100 per cent, as compared with mere solubility 
in mixtures of water with acetone or ethyl alcohol. 


Similarly in ethyl alcohol, which is a much poorer solvent, the values are: 


Per cent ethyl alcohol 

7.6 

Hi 


50.8 

71.0 

93.7 

Grams of dye per mole 

0 

IH 


0.013 

0.056 

0.17 


For 7.35 per cent butyl alcohol the solubility is 0.0011 g. per mole, since butyl 
alc(Aol is a better solvent than acetone. All such data show that a very large 
proportion of good solvent is required to make the dye soluble in the aw^ueous 
mixture Mid, conversely, a very small amount of water seriously cuts down the 
solubilily in the organic solvent. 
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In complete contrast, a veiy low percentage of colloidal electrolyte produces a 
high relative solubilization by the detergent in water. However, the solvent 
power of the 100 per cent pure liquid detergents is several times greater tlinp the 
solubilizing power of the same weight of detergent in aqueous solution. 

It is also of interest to compare solubilization with the osmotic coefficient, be- 
cause the osmotic coefficient clearly shows the onset of micelle formation. An 
example of this is given in figure 6. The osmotic coefficient of the ratio of the 
observed lowering of freezing point to that of fully dissociated ideal electrolyte is 
g — tf/3.716 m. The curves in figure 5 are antibatic. However, as in all cases on 
record, it is seen that the so-called critical concentration for micelle formation is 
distinctly anticipated in a lower concentration by a small amount of solubiliza- 
tion. This is significant because it shows that the colloidal complex between 



Fig. 5. Solubilization of Orange OT by the cation-active detergent Oatol as compared 
with the amount of colloid, indicated by the departure of the osmotic coefficient from the 
value of unity. 

detergent and solubilized material is formed with positive affinity, and therefore 
the presence of even this small amount of dye promotes the formation of micelles 
in a solution otherwise too dilute for the presence of colloid. It clearly follows 
that the method of determining critical concentration for the formation of micelle 
by titration with dyes such as pinacyanol, etc., must lead to concentrations 
slightly but definitely lower than the true values. 

SUMMAEY 

The solubilization of water-insoluble dye in aqueous systems by four non- 
ionizing detergents and one ionizing colloidal electrolyte, hexanolamine oleate, 
has been determined over the whole range of concentration from 0 to 100 per cent 
detergent, and contrasted with the behavior of solutions in mixed solvents. 

Added salts strongly promote solubilization by bile salts and the cationic 
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detergent Catol 607, but sodium dehydrocholate is a far poorer solubilizer than 
the cholate or deoxycholate. 

A few results with other solutions arc recorded. 

The solubilization of dye per gram of detergent is far from being equal to the 
solubility of the dye in that pure anhydrous detergent. 
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LAURATE-ION ACrPIVlTY IN SOLUTIONS OF POTASSIUM LAURATE 
IN THE ABSENC^E AND PRESENCE OF NEUTRAL SALTS^ ^ 

I. M. KOLTHOFF and WARREN F. JOHNSON 
School of Chemistry^ Vnivcrsiiy of Minnesota, Minneapolis, Minnesota 

Received August 26, 1947 

In a recent publication (4) results of the measurement of the sodium-ion ac- 
tivity in aqueous solutions of various anionic detergents have teen reported. 
Use has teen made of negatively charged collodion membranes, the potential dif- 
ference between the inside and the outside of the membrane being determined by 
the ratio of the (;ation activities of the solutions inside anil outside of the mem- 
brane (1, 2, 3, 5). The method gives excellent results as long as we are dealing 
with one kind of cation only and not with a mixture of cations. It was found 
that the sodium-ion activity in solutions of sodium salts of detergents decreases 
slightly with increasing detergent concentration in a way similar to the decrease 
of the sodium-ion activity in solutions of sodium salts of strong electrolytes. 
However, at the critical concentration of the detergent, where marki^d micelliza- 
tion occurs, the sodium-ion activity was found to decrease abruptly. In the mi- 
celle the detergent anions are associated and are closely packed together. The 
net negative charge of the micelle is equal to the sum of the charges of the sodium 

' Presented at the Twenty -first National Colloid Symposium, which was hold under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 

® This investigation was carried out under the sponsorship of the Office of Rubber Re- 
serve, Reconstruction Finance Corporation, in connection with the synthetic rubber pro- 
gram of the United States Government. 
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ions which are held by electrostatic forces as ‘Vounter ions” close to the surfac^e- 
of the negatively charged micelle. The small activity coefficient of the sodium 
ions in solutions of micellized sodium salts of detergents is not caused by the for- 
mation of ‘undissociated” detergent salt, but by the facts that the negatives 
charges in the micelle are very close together and that these charges are in fixed 
positions. 

An attempt was made (4) to measure the anion activity in solutions of anionic 
detergents using positively charged collodion membranes. Further studies are 
necessary t-o interpret the preliminary results which have been obtained. 

In the present work it was decided to measure the anion activity of a solution 
of a fatty acid soap by a classical method. The silver salts of fatty acid soaps are 
slightly soluble in water. By measuring the e.m.f. of a cell composed of a half- 
cell consisting of a silver electrode in a suspension of the silver salt of the fatty 
acid in a solution of the potassium salt of the fatty acul and another half-cell 
serving as a reference electrode, the activity of the anion of the soap can be found 
under varying conditions. The e.m.f. of the above type of cell involves a liquid- 
junction potential which we have tried to reduce to very small values by a suit- 
able salt bridge. The measurement of individual ion activity is always made 
uncertain by the occurrence of an unavoidable liquid-junction potential. In the 
present study we have measured the laurate-ion activity in aqueous solutions of 
potassium laurate of varying concentrations in the absence and presence of vary- 
ing amounts of potassium nitrate. The following cell was used 

Ag; Ag laurate (s), K laurate (Ci), KNO 3 (Q |1 (KCl (satd.), Hg 2 Cl 2 (s); Hg 

The experimental results rep)orted l)elow indicate clearly that the conclusions 
drawn from the measurements are not obscured by the liquid-junction potential. 

EXPERIMENTAL 

The lauric acid used was obtained from the Eastman Kodak Company. The 
neutralization equivalent weight of the sample was 200.3. The acid was dis- 
solved in alcohol and neutralized with alcoholic potassium hydroxide, llie 
potassium laurate was twice recrystallized from alcohol. 

Silver laurate was prepared by dissolving lauric acid in alcohol, neutralizing 
with alcoholic sodium hydroxide to 95 per cent, and then adding jm alcoholic 
solution of silver perchlorate dropwise to the solution of soilium laurate, which 
was kept at approximately 50°C. During the preparation all of the silver solu- 
tions and the precipitated silver laurate were protected from light. The silver 
laurate was filtered hot, using a sintered-glass filter, and washed repeatedly with 
warm alcohol. The prodiu^t w^as dried in a vacuum oven at 36®C. 

Preparation of electrodes 

Two methods of pi*eparing the silver electrodes wen.* us(h 1. The first method 
was the electrodeposition of silver on platinum wires, sealed into soft-glass tub- 
ing, from a solution of potassium argentocyanide. After the silver had been put 
onto the electrodes a thin film of silver iodide was put on electrolytically, the cur- 
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rent and time being controlled so that the thickness of the film could be con- 
trolled. Costings of various thickness -were tried to obtain optimum conditions. 
A coating approximately 0.1 micron thick was found to give entirely satirfactory 
results. Films silver iodide of greater thickness gave the same potential but 
were slow in reaching their equilibrium value. 

The second procedure used to prepare the silver electrodes gave more satisfac- 
tory results, since the electrodes attained their equilibrium potential as soon 
as the cdls had reached temperature equilibrium. The platinum wire was 
smeared with a silver oxide paste and then dried in an air oven at 80°C. When 
dry the electrodes were heated in an atmosphere of nitrogen at 400®C. for a period 
of 6 hr. to decompose the silver oxide to sUver. After the electrodes had cooled 
they were reduced electrolytically in 0.02 N perchloric acid solution for 6 hr. at a 
current density of 0.015 amp. per square centimeter. Before use they were 
washed repeatedly with conductivity water and twice with the same solution as 
in the cell. 

Solutions of potassium laurate were prepared by volume at 25“C. These 
solutions were transferred to 4-oz. screw-cap bottles which were painted black, an 
excess of silver laurate was added, and the bottles were capped with caps having a 
silver liner. The bottles were placed in a SO^C. (±0.1°) thermostat which pro- 
vided end-over-end agitation. After the solutions were saturated , with sUver 
laxnate they were tranrferred to half-cells which were pmnted black, each half- 
cell being provided with two silver electrodes. The half-cells were rinsed twice 
before filling. A saturated calomel half-cell was attached through a saturated 
potassium nitrate salt bridge and the cell placed in a 30°C. (±0.1°) thermostat. 
Some solid silver laurate was always transferred into the half-cells when they were 
filled to make certain the solution was always saturated with respect to silver 
laurate. 

In some cases two cells were prepared for each concentration, each cell having 
^ two silver electrodes. The electrodes agreed to ±l mv., the values re- 
ported being the average of these readinp. Most of the results are for a single 
cell which had two electrodes, the results agreeing to ±1 mv. 

The range of laurate concentrations investigated was from 0.001 M to 0.100 
M, between which concentrations the critical concentration of potassium laurate 
(0.023 M) occurs. The effect of added electrolyte was studied at two concentra- 
tions of potassium nitrate. The e.m.p.’s of the cells as a function of the con- 
centration of potassium laurate without potassium nitrate, with 0.1 M potassium 
nitrate, and with 0.5 M potassium nitrate are given in table 1. These values 
include the junction e.m.f.’8. A plot of the data given in table 1 is shown in 
figure 1. 

Though the e.m.p. data given here are not corrected for the junction potentials, 
the sudden breaks in the curves are significant. These breaks correspond to the 
critical concentrations obtained from solubilization data. It can be seen from 
figure 1 that we have two linear branches for the branch of the curve from C 
x 0.001 M to the critical concentration, the dope being 0.0637 volt. 

It may be concluded that in the concentration range between 0.001 M to the 
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TABLE 1 

E.M.F. of the cell as a function of the concentration of potassium la urate at SO^C. dz 0 
with and without added potassium nitrate 


concentration or 

POTASSIUM LAURA rE 

concentration or KNO> 

E.M.F. OF CFLL 

I-OG Cj^aurate 

moles per liter 

moles per liter 

volts 


0.0010 

0 

-0.2028 

-3.000 

0.(X)50 

0 

-0.1590 

-2.301 

0.0100 

0 

-0.1400 

-2 000 

0.0200 

0 

-0.1200 

-1 699 

0.0250 

0 

-0.1165 

-1.602 

0.0500 

0 

-0.1208 

-1.301 

0.0750 

0 

-0.11S6 

-1.125 

0. 1000 

0 

-0.1205 

-1 000 

0.(X)395 

0.1 

-0.1658 

-2.403 

0.019S 

0.1 

-0.1831 

-1.703 

0 osa) 

0.1 

-0.1845 

-1.301 

0. 1000 

0.1 

-0.1315 

-1.000 

0.001 

0.5 

-0.1989 

-3 000 

0.(X)5 

0 5 

-0.1549 

-2.301 

0.010 

0.5 1 

-(0 1418) i 

-2 0(X) 

0.020 

0.5 

-0.1530 ! 

-1.699 

0 050 

0.5 

-0 1536 

-1.301 

O.KK) 

0.5 

-0 1548 

-l.CXX) 
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critical concentration the laurate-ion activity in potassium laurate solutions 
changes with the soap (concentration as docs that of the anion of a strong uni- 
univalent salt. When the concentration is greater than the critical concentra- 
tion, the E.M.F. remains essentially constant to concentrations as high as 0.1 M 
potassium laurate. 'J"his implies that the activity of the laurate ion remains 
constant in this range (critical concentration to 0.1 M). 

These results do not agree witli the measurements of laurate-ion activity as 
found using positively charged collodion membranes (1). In the latter work it 
was found that the laurate-ion activity went through an apparent maximum at a 
concentj'ation of about 0.006 M sodium laurate and declined rapidly thereafter. 
The reliability of the positively charged membranes in solutions of colloidal elec- 
trolytes is questionable. 

The critical concentrations found from the e.m.f. measun'ments arc compared 
with those found by the solul)ilization of dimethylaminoazobenzene in table 2. 
The agreement between these values is very good and may l>e taken as evidence 
that we are in fact measuring the acitivity of laurate ion in the solutions. 


TABLK 2 

Critical concciUraiion of poiassiwn laurate in the absence and presence of added electrolyte 

(KNOa) at S0°(!. 

CRITICAL CONCFNTRATION 


CONCLNTRA'IION OF KNO,» 

moles per Itler 
0.0 
0.10 
0.50 


Ml. (silver electrode) 
moles per Itlet 
0.022 
0.012 
0.(K)55 


Solubilisation 
moles per liter 

0.023 
0 012 
0.005 


The most interesting result of this study is that llie activity of tfie laurate ion 
remains practically (*onslant after reaching the critical concentrations up to 0.1 
M . No measurements have been made at potassium laurate concent rations grtialer 
than this. The results obtained in 0.5 M potassium nitrate arc particularly in- 
teresting, because at this con.stant high conwnt ration of indifferent electrolyte 
the liquid-junction potentials at various potassium laurate concentrations should 
be identical. It is seen then that in 0.5 M potassium nitrate the laurate-ion ac- 
tivity at potassium laurate concentrations b(>t\V(fen 0.005 M and 0.1 M remains 
constant. The results indicate that no further micellization of unmicellized 
laurate occurs at concentrations above the critical concentration, at least up to 
0.1 M laurate, the highest concentration measured. 

8UMM.\nY 

The E.M.F. of cells consisting of silver, silver laurate, and potassium laurate 
solutions in the presen(« and absence of potassium nitrate vs. a saturated calomel 
half-cell has been measured, using a saturated potassium nitrate salt bridge. 
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Plotting E.M.F. vs. log C, both in the absence and in the pn^sence of potassium 
nitrate, gave curves consisting of two straiglit lines. The point of intersection 
of the two straight lines corresponds exactly to the critical conc^enlration of potas- 
sium laurate in the particular medium. Tlie activity of the laurate ion changes 
with the concentration of potassium laurate in a way similar to that of the anion 
in a uni-imivalcnt strong electrolyte. Above the critical (concentration the ac- 
tivity of the laurate ion remains constant up to a concentration of 0.1 iM potas- 
sium laurate, the highest concentration measured. This result indicates that no 
miccllization of unmiccellized laurate occurs at concentrations above the critical 
one. 
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NATURAL RUBBER 

Fractionation studies of the molecular- weight distril)iitiou of Crijpfoslcqia 
grandiflora rubber have shown that it is predominantly composed of polyisopreiie 
chains of both (|uite low and rather high molecular weights (2). Previous work 
based on electron microscopy (1) and ultramicroscopy with incident light (3) 
has indicated that differences in the morphology of polymers of high and low 
molecular weights can be observed. 

Of all natural rubbers, Cryptostegia rubber has pro\'e(l most siiitabh* for 
such studies because of its peculiar molecular- weight distribution. IIcv('a 

' Presc^nled at the Twenty-first National ('olloid Hymposium, which was held under the 
auspices of the Division of (Colloid Chemistry of tlie American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 
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rubber shows a rather uniform distribution of molecular weights over a wide 
range, whereas guayule rubber is characterized by the predominance of low- 
molecular-weight fractions. Specimens made from carefully prepared fractions 
revealed that the low molecular weights (sol) are characterized either by films 
which, when deposited from solutions on the wire screen, collapse completely 
after evaporation of the solvent, or show a preponderance of globules held 
together by very fine threads. In contrast thereto, preparations made from 
high -molecular- weight fractions (gel) are characterized by threads or bands and 
no globules or only a very few. Inasmuch as it is impossible to obtain an 
absolutely perfect fractionation, the presence of some globules can he expected 
even in the gel fraction. It has been assumed that the formation of the globules 
is the result of synercsis, the fraction of lower molecular weight showing less 



Fig. 1. Ultropak microscope equipped with heal able subsiage, micro Jbso attachment, 
and Leica camera. 

resistance toward flow and being squeezed out of the more or less aligned long 
chains, which upon evaporation of the solvent are under considerable tension. 

Previously reported studies of the morphological changes which CVyptostcgia 
rubber undergoes with time have indicated that this separation of the low from 
the high molecular- weight fraction is not instantaneous (4), as had been the 
assumption based on the results obtained with the electron microscope (l),but 
occurs at room temperature over a period of hours. A logical deduction from 
these observations seemed to be that these changes could be accelerated by 
increasing the temperature at which the samples arc studied. To test this 
assumption an electrically heatable substage was built for the ultramicroscope, 
which made it possible to study any changes in the morphology of the prepara- 
tion at different temperatures and for different lengths of time (figure 1). 
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Wliereas the formation of globules from a Oryptostegia sample required 20 lir. 
(4) at room temperature, an identical effect could be observed already after 
3 hr. if the temperature was raised to 38°C. and kept there during observation 
(figure 2). If the temperature was raised to 45°(’>. and again kept constant, 
the globule formation appeared fully developed within 10 min. (figure 3). In- 
deed, globule formation proceeded so quickly that indications of it developed 
during the time necessary for the first exposure of the film (figure 3a). Un- 
fortunately, it is impossil)le to reproduce pn^parations of identical polymer thread 
diameters every time. It can be expected, however, that the size of the polymer 



Fk; 2 Uryptostc'j^ia rul>h(^r heated to : (a) 2 inin , (h) 60 min , (c) iM) mm , (d) 120 
min , ((‘) ISO rnin 



Fiu 3 Oyptostegia rubber heated to 45°(\: (a) 2 min., (b) 5 min., (e) 15 min 


thread under observation will have some bearing on the s])eed of globule forma- 
tion. "rherefore it is impossible to correlate the time of globule formation 
accurately with the temperature at which it occurred. Undoubtedly the ease 
and speed with which these globules are formed will dt^pend on the configuration 
of the polymer chain. 

The electron bombardment of the polymer, sucli as would occur dining the 
time needed for the study of the preparation in the electnu microscope, will 
raises the temperature of the samples well above those referred to in these cxpc'ri- 
ments. This makes the apparently instantaneous globule formation, recorded 
in the first investigations with the electron microscope (1), understandable. 
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BALATA 

That balaia does not show the formation of globules at room temperatures 
and presents a very distinct morphological picture of extremely ragged films has 
already been reported (3). Vjven threads are rarely observed. If, however, the 
film deposited on the water surface was immediately, and while still in the sol- 
vated state, deposited on the screen support, single threads (^ould be obtained. 
As the solvent evaporated thest^ threads became rigid. The stiffness of the 
thread can be easily seen in figure 4. If, however, the polymer film was de- 
posited from its solution on the surfac(‘ of water of 70°C., the resultant film lost, 
its original raggediiess to some extent and formed threads and even some blobs 
(3). This change in the morphology is a function of time and temperature. 
Increasing temperatures will lesult in (considerable flow and the formation of 
globules (figure 5). If the preparations arc then rapidly cooled to room tempera- 
ture and left to rest for 12 hr., the halat-a threads l)Ccome stiff again. If th(‘ 
preparation is heated longer, flow becomes more pronounced and the threads 
break. Upon rapid cooling they remain and the glc^bules do not disappear 
(figure 6). Inasmuch as balata is known to be of a comparatively low av(wago 
molecular weight, the size of the molecular chains alone cannot be considered 
the predominant factor hindering flow. Thus the theoretical corucept that 
higher temperatures are needed to permit polyisoprene chains of /.raa.s*-contigura- 
tion to vibrate sufficiently to jmimi flow seems to be substantiated by these 
photomicrographs. The fact that balata exliibits elasticity al)ove this temper- 
ature now finds its explanation. It is the temperature needcMl to pewmit the 
low-molecular- weight fractions to exercise fully their lubricating effect whi(*h is 
essemtial f(3r the property of elasticity. ( )ne other observat ion deserves attention. 
The samples which have not been heated or have been heated only for a short 
time are opaque, bpi^ii heating their index of refra(;tion (hanges and the threads 
and globules become translucent and retain this property after cooling (c/. 
figure 5 with figure (>). This might find its explanation in the known fact tliat 
balata changes at this temperature from tlu' a- to the /3-modifi(*alion and does 
not revert to the a-modification ev(m when c.ooled (5). 

POLYISOBITTYLKNE ( VlSTANKX) 

The results obtained so far, thenffore, s('em(Ml to justify the application of this 
technique to a more detailed study of the influence of molecular size on the flow 
and the general morphological aspects of a polymer. For this purpose various 
molecular-weight fracjtions ranging from 40,000 to 300,000 of polyisobutykme 
were studied separately and also in mixtures with one another. To anyone 
familiar with molecular- weight determinations it is known that the figures 
represent average molecular weights only and that we therefore are not dealing 
wdth strictly monodisperse systems. The molecular weights mentioned here 
were calculated according to the method of Staudinger. 

It was also considered of importance to study the effect that different solvents 
might have on the morphology of the polymer. Therefore the polyisobutylene 
samples were prepared from solutions in benzene as well as in xylene. 



Fig. 4. Tiiilata 

Fig. 5. I^alata liratecl to 6t5°C^ 

Fig. 0. lialata hoatod to 70°('. uiul cooled 
Fio. 7. Vietanox (MW 41,330): (a) in benzene; (b) in xylene 
Fig. 8. Vistanc.x (MW 64,200): (a) in benzene; (b) in xylene 
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Polyisobutylcne was chosen for this study because it is chemically highly 
stable and changes in morphology due to oxidation, which could be very pro- 
nounced because of the great development of surfaces, can therefore be dis- 
counted. 

All pictures were taken instantaneously and at room temperature. 

Polyisobutylene having an average molecular weight of 41,330 gives films of 
little strength which show great flow and break very easily. Threads, if formed, 
are coarse and heavy and their flow can be readily followed. Very little, if 
any, difference can be found between films prepared from benzene or xylene 
solutions (figure 7). 

Vistanex having an average molecular weight of G4,2(X) still shows great 
flow. However, networks can also be noticed; the films become stronger and 
do not collapse as easily. Again no differeiu^e could be found between films 
prepared from benzene or xylene solutions (figure 8). 



Fig. 9. Vistanex (MW S4,2(K)) in benzene 


Vistanex of an average molecular weight of 82,400 yields considerably st-rongcu- 
films, although flow is still predominant. The threads, however, are becoming 
finer (figure 9). 

Vistanex having an average molecular weight of 91,080 yields considerably 
more netted films of fine threads. The blobs are becoming smaller anti bet.tt'r 
defined. The films are strong and will support themselves over a pt^riod of 
weeks (figure 10). 

Polyisobutylene of an average molecular weight of 100,000 to 130,020 shows 
very fine but very strongly netted films. Flow is evidenced, although the blobs 
are very small. The preparation technique had to be changed slightly. The 
film had to be picked up from the water surface before solvent evaporation had 
taken place. The solvent was permitted to evaporate after the preparation 
had been placed on the support so that coherent films, which would cover the 
screen completely, could be avoided (figure 11). 

Polyisobutylene having an average molecular weight of about 300,000 shows 
very fine netting with very fine globules (figure 12). 
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The changes occurring with increasing molecular weight of a polymer are 
clearly visible over the range of molecular sizes investigated. Again, high 
molecular weights result in netting, very fine threads, and very small globtiles 
if such are present at all. Low-molecular- weight polymer was again found to 



Fig. 10 \"istaiio\ (MW 91,0S0): (a) in benzene; (b) in xylene 
Fig. 11. Vistanex: (a) MW 110,000 in benzene; (b) MW 140,000 in xylene 
Fig. 12. \’istanex (MW 3(X),(KK)): (a) in benzene; (b) in xylene 


give large globules and little or no netting. However, in the fractions of lowest 
molecular weight the globules almost lose theii* identity and the original thmads 
appear to flow in sections. This flow occurs with such rapidity that it is often 
impossible to ix^cord it on a photographic film. 
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If, however, a higli-molecular-weight fraction of polyisobutylene was heated 
to 45°C. for more than 1 hr., no changes could be observed in its morphology. 
No flow occurred at that temperatuiu. 

It was also of interest to study the morphology of predetermined mixtures of 
very high as well as of very low molecular weights. For this purpose mixtures 
of the xylene solutions of 41,330 and 300,(K)0 molecular-weight fra(^tions of 
polyisobutylenc were prepared in the following proportions: 90 parts MW 
300,000/10 parts MW 41,330; 75 parts MW 300,000/25 parts MW 41,330; 50 
parts MW 300,0(K)/50 parts MW 41,330; 10 parts MW 300,000/fK) parts MW 
41,330. Figure 13 shows the progressive changes with increasing amounts of 
the low-molecular- weight fraction. Figure 13a proves that the morphology 
of a mixture containing predominantly poljmier of MW 300,000 nevertheless has 
changed considerably from figure 12. The nets are of a much coarser character 
than those obtained from the pure 300,000 molecailar-weight fraction. As the 
amount of low-molecular- weight fraction is increased (figure 13 b, c), the network 
disappears and the threads are either fine or (|uite coarse. Wlien the mixture* 
is made up of 90 parts of low molecular weight (41,330), networks have disap 
peared compleluly and only very fine threads studded with bead-like globul(*s- 
can be observed (figure 13 d, c). Even thougli these globules indicate strong 
flow, the films formed from this mixture are much stronger and the indisciiminate 
flow in sections so characteristic for the pure 41,330 molecular- weight fraction 
has disappeared. 

Identical results, although not as distinct, have been obtained from a similar 
series of experiments using mixtui*es of the molecular-weight fractions 41,330 
and 130,620. 


BUTYU RlJBBmt 

A series of five different polymers, prepared from feed stocks c.ontaining 0.5, 
2.5, 3.5, 4.5, and 8 per cent of diolefin, were studied for their morphological 
differences. Inasmuch as the rate of polymerization of isobutylene is greater 
than that of the diolehn, the polymer samples a(4;ually contained less diolefin 
than originally present in the feed stock. The 0.5 ix‘r centi diolelin i)()lyiner 
contained 0.4 per cent unsaturation, the 2.5 per cent polymer 2 per cent un- 
saturation, the 3.5 per cent polymer 2.8 per cent unsaturation, the 4.5 per (;ent 
polymer 3.7 per cent unsaturation, and the polymer made with 8 per (ient diole- 
fin in its feed stock contained 6 per cent unsaturation. The Wijs method at 
O^C. was used for the determination of the unsaturation. It is well known that 
increasing amounts of diolefin decrease the rate of polymerization as well as the 
molecular weight of the polymer. It has also been found that samples contain- 
ing greater amounts of diolefins lose their rubber-like characteristi(;s and becK)mc 
more and more resinous (7). 

The present samples were prepared to a conversion of between 50 and 70 ix^r 
cent, the lower conversion limits being obtained for high diolefin content. Tho, 
molecular weight of the sample marked 2.5 per cent corresponds to that generally 
found for commercially produced Butyl rubber. 
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Fig. 13. V'ifc?tanex: mixluros of different inoleeular weights 



40,000 

MW 300,000 

(a) .. . . . 

10 parts 

90 parts 

(l>). 

25 parts 

75 parts 

(o)... . i 

50 parts 

50 parts 


90 parts 

10 parts 


Figures J4 and 15 show the effects of the amount of diolerins copolymerized 
with the isobutylene. Figures 14a and i4h represent Butyl rubber pre- 
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pared from feed stock containing 0.5 per cent of diolefin. These copolymers 
resemble the lower-molecular- weight Vistanex samples in their morphology. 
Netting of not too fine fibers \\ith a considerable amount of fair-sized globules 
can be noticed. 



Fig. 14. Butyl rubber (0.5 per cent diolefin): (a) in benzene; (b) in xylene 

Fig. 15. Butyl rubber (2.5 per cent diolcfin): (a) in benzene; (b) in xylene 

Fig. 16. Butyl rubber (3.5 per cent diolefin): (a) in benzene; (b) in xylene 


Figure 16 shows the corresponding copolymer containing 2.5 per cent diolcfin 
in the feed stock. This sample shows considerable flow and can in general be 
compared to Vistanex 41,330 in its morphology. 

Figures 16 and 17 represent the general morphology obtainable from Butyl 
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rubber containing 3.5 per cent and 4.5 per cent of diolefin in the feed stock. 
The flow was so great that the threads broke and disappeared before any photo- 
micrograph could be made. This condition is predominant for any Butyl rubber 
studied and containing more than 3.5 per cent of diolefin in the feed stock. 
The apparent raggedness of threads is a consequence of the tremendous flow. 
Each of the protuberances visible on the threads is the remnant of an original 
thread which broke and contracted during the observation of the sample. 
Figure 18 n^presents I^ulyl rubber containing 8 per cent of diolefin in the feed 



Fia. 17. Butyl rubber (4.5 per cent diolefiii): (ftl ia benzene; (b) in xylene 
Fic. IS. Butyl rubber (8 per cent diolefm): (a) in benzene; (b) in xylene 


stock. The films are very weak and even the few ragged threads to be seen 
are extremely ran*. Mostly the whole preparation collapsed before any photo- 
micrograph could be taken. 

Results of experiments carried out with Butyl rubber in an industrial labora- 
tory seem to substantiate our contention that molecular- weight distribution of 
an elastomer is of pripiary importance for the properties of the product (8). 

This series of cxpi*riments also proved that the influence of the solvent on the 
morphology of the polymers is small if present at all. Polymeric substances oi 
high molecular weight have a tendency to form continuous films if the solvent 
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evaporates too quickly when the polymer film is spread. Therefore, slowly 
evaporating solvents are preferred in such cases. However, the possible effect 
of the chemical and physical characteristics of a solvent has as yet not been 
investigated in detail. Some preliminary studies carried out with six different 
solvents on pale crepe sol did not reveal any startling differences in its morphol- 
ogy as long as good solutions were obtained. 

POLYSTYRENE 

A series of molecular-weight, fractions of polystyrene were prepared by emul- 
sion polymerization (6). Sodium stearate was used throughout as emulsifier. 
In I the preparation of the 8,000 MW polymer benzoyl peroxide was used as 
catalyst. Polymerization was carried out for 5 hr. at 00°C. Tlie 40,000 and 
250,000 MW polymers were obtained by polymerizing the monomer for 4 hr. 
at 70°C. ^vith the same catalyst. The polymers of 400,000 and 1,000,000 MW 
were obtained by polymerization for 5 hr. at 60°C\ with potassium persulfate 
as catalyst. 



Fig. 19. Polystyrene (MW 8(KK)) 
Fig. 20. Polystyrene (MW 40,000) 


Preparation of adequate specimens was rather difficult because of the tendency 
of the polymer to form films which did not break. As with tlie high -molecular- 
weight polyisobutylene fractions the preparation of the samples had t.o be carried 
out in such a way that evaporation of the solvent occurred after deposition of 
the film on the ^\ire support.. The threads are very stiff and the contours of 
the broken films are often ragged. Mostly only single threads can be observed, 
although the higher-molecular-weight fractions indicate a tendency for netting. 

Figure 19 repn^sents polystyrene with a molecular weight of 8000; figure 20 
polystyrene of 40,000 MW. 

If these preparations are subjected to high temiieraturcs, up to 95°C., no 
changes at all are visible or only some indication of flow at the places where the 
threads are connected with the wire grid. If a mixture is prepared containing 
75 per cent of the 8000 MW fraction and 25 per cent of the 250,000 MW fraction 
and a film deposited therefrom, and such a preparation is heated to a temperature 
of 90®C., the formation of globules becomes evident. This clearly demonstrates 
that globule formation is the result of a polydisperse system, besides the fact that 
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the facility of globule formation also depends on the molecular configuration and 
the temperature to which the preparation is subjected. 

All of the above experiments show that morphological characteristics which 
have been observed for lyogels in the electron microscope do not represent the 
original morphological characteristics of these substances. Electron bombard- 
ment; and the subsequent rise in temperature will cause changes occurring so 
quickly that the final observations as recorded do not represent the original 
sample, "rhereforc, we do not consider it possible to study such phenomena as 
flow or the influeru^e of temperature, both of which are of great importance for 
technological applications of a polymer as well as of scientific interest for the 
evaluation of its structure. 

It is of inten^st to mention here that in all studies of flow and molecular 
configuration a very sharp and distinct break occurred at a very definite tempera- 
ture. The preparations (unild be heated for a considerable period of time at a 
certain tempcu’ature without inducing flow. If this temperature was raised to 
the point where enough energy had been introduced, a point which was particular 
for each polymer system, flow occurred almost instantaneously. Thus if a syst em 
would show flow at 70°(\, no changes whatsoever could be observed at G8°C., 
even if the system were kept- at that temperature for more than I hr. 

SUMMARY 

The influence of tem|xu'ature on the morphology of preparations of natural 
and synthetic rubbers, polyisobutylene, and polystyrene has be(*n studied l)y 
ecpiipping the incident-light ultramicroscope with a heatable substage. The 
influence of molecular configuration, molecular-weight distribution, and type of 
solvent on the morphology is discussed. Exqxnimental and visual proof is otfered 
that the formation of globules, as well as the speed of their occurrence, depends 
on the molecular cinitiguration, molecular-weight distribution, and temperatun'. 

The authors are greath^ indebted to the Esso Laboratories of Standard Oil 
Development Company for supplying them vdih the samples of Jhityl rubber 
and of polyisobutylene (Vistanex) and the molecular-weiglit description of the 
latter. They also want to express their thanks to Mr. Eli Perry for the poly- 
styrene' samples and te) Mr. Man Michaels fe)r the construction of the heatable 
micre)scope substage. 
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h INTRODUCTION 

Only a few calculations have been made of the total surface energy of either 
liquids or solids, and most of the available calculations are for the surfaces of 
ionic crystals at 0®K. The calculations for the solid are of particular impor- 
tance, since direct measurements are exceedingly difficult. At present, there arc 
no measurements with which this writer is familiar of the surface energy of 
solids that may be considered reliaWe. Perhaps the best work in this field is 
that of Johnson, Lipsett, and Maass (11, 12), who determined the surface energy 
of sodium chloride as 400 ergs cm.“^ Their result can be considered only as an 
upper bound since there is some doubt in regard to the method of area measure- 
ment us(^d by these workers. This figure, 400 ergs cm.""^, is much higher than 
that calculated by Born (1), 147 ergs cm.’”^ for the 100 plane, and than that cal- 
culated by Dent (3) from the Bom theory of the latti(;e energy of ionic solids. 
Dent, using the most refined form of the theory, obtained a value for sodium 
chloride of 76 ergs cm.“^ This value is also lower than that measured by Jaeger 
(10), 180 ergs emr^ for molten sodium chloride. 

The general success of the Bom theory is such that normally a great deal of 
credence would be placed in any results obtained from the theory. However, 
the disparity between the calculated and observed results — ^tJie fact, that the 
calculated value for the solid is lower than the measured value for the liciuid at. 
much higher temperature — ^has led some investigators to reserve judgment con- 
cerning the validity of the calculations of the surface energy. 

It is evident that the ability to calculate the surface energy of a liquid would 
be a great advantage in the elucidation of the properties of the surfaces of both 
liquids and solids. One of the results of such a calculation for liquids would be 
an increased confidence in the results obtained for solids. 

In this paper some calculations are made for liquid argon and mercury. Al- 
though the equations appear completely different from those used for solids, 
they are in reality the same. The apparent difference in the calculation is due 
to the manner in wdiich the number of molecules at a given distance is deter- 
mined. For a solid the totality of interactions with a given molecule is obtained 
by a summation over the lattice positions. For liquids, the number of inter- 
actions at a distance r is obtained from the distribution function, and the totality 
of the interactions is obtained by integration. Because of certain techniques 
which are peculiar to solids, the discussion of solids is deferred to a later time. 

^ Presented at the Twenty-first National Colloid Symposium, which was held under the 
aui^ices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 
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Because of the difficulties of enumeration 'of the positions of the atoms or mole- 
cules, very few calculations for liquids are extant. The best knoA\m is that of 
Stephan (16), who purported to show that the energy of surface formation was 
one-half the energy of vaporization. This treatment has been diown by FfarkinH 
(6) to be incorrect. 

Raylei^ (16) set up a general mathematical scheme whereby the surface 
energy of a liquid could be calculated. His results have been put in better form 
by Fowler and Guggenheim (4). These equations, however, have not been 
applied to any liquid. The treatment in this paper is a modification of the 
above. 


n. THEORY 

The most usual definition of the surface energy of a solid or liquid is the energy 
required to form 1 sq. cm. of surface. For theoretical calculations this definition 
leaves much to be desired. A useful definition is obtained as follows: When the 
surface is increased, molecules are moved from the interior into the surface region. 
If there are n molecules per square centimeter of surface region, then the surface 
energy is the difference in energy between the n molecules in the surface region 
and n molecules in the interior of the solid or liquid. The calculation of the 
surface energy thus involves the calculation of the energy of a molecule in the 
bulk phase and of all of the molecules in the surface region. 

Hildebrand (7) has shown that the energy, Fv»p., required to remove a molecule 
from a liquid to zero pressure in the gas phase is 

Fvap. = Wo(r)<p(r)rMr (1) 

where Na is Avogadro’s number, V the molal volume of the liquid, Woir) the 
distribution function of the molecules in the liquid, ip(r) the potential function 
between two molecules; and r the distance between two molecules. In a like man- 
ner the energy of a molecule in the surface region can be written 

E, = WiirMr^ dr (2) 

where Wi(r) is the distribution function about this molecule. For all n of the 
molecules in the surface region the energy is 

E, == ^(r)r* |i: Tr.(r)} dr (3) 

The expression for the surface energy then becomes 

Es » j[" v(ry (TFo(r) - W.(r))| dr (4) 

In equations 2, 3, and 4 a tacit assumption has been made that the molar 
volume in the bulk is equal to that in the surface region. This assumption, how- 
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ever, is only slightly erroneous. The change in molal volume in surface forma 
tion is related to the free surface energy by the relationship ( 14 ) 



( 5 ) 


where 7 is the free surface energy and P the external pressure. Unfortunately 
the quantity 

culations for solid argon show that there is an expansion of the intermolccular 
distance in the first layer of the solid of the order of 1 per cent. Tliis ex- 
pansion introduces an exceedingly small change in the molal volume. Thus, 
it does not appear that this assumption can lead to an appreciable error. 

In theory, all of the functions appearing under the integral sign can be eval- 
uated from first principles. The enormous mathematical difficulties encoun- 
tered, however, are so great that only approximate values for the functions can 
be obtained. The approximate nature of the theoretical functions makes it 
advisable to use the values of the functions as determined by experiment. Of 
the three functions, ^(r), and Trt(r), only Tro(r) can be experimentally 

determined in detail. The potential function (p{r) can be determined in a num- 
ber of ways, and in at least two forms from experimental data. Although no 
two of the proposed potential functions agree in detail for all values of r, the 
differences are small so that no serious error is introduced by using any of the 
proposed equations. For the distribution of the molecules in the surface region, 
no experimental data mi available. The validity of the calculations pre- 
sented in this paper is based on the approximation of the form of IF,(r). 

The distribution about a given molecule in the surface region is made up of two 
parts: ( 1 ) the molecules in the liquid phase, and ( 2 ) the molecules in the vapor 
phase. If the concentration of molecules in the vapor phase is low, i.e., the 
temperature is such that the vapor pressure is low, the concentration is so low 
that the magnitude of (he interactions with the molecules in the gas phase will 
be small compared to the interactions in the liquid. Thus, at thest; low temper- 
atures, only the contribution of the molecules in the liquid need be considered. 

Previously, it has been pointed out that the change in the interatomic distance 
in the surfaces of solidKS and liquids of the rare gases is small, on the order of 1 
per cent. Since there is no appreciable change in the interatomic distance, any 
change in the distribution function must be due to the asymmetry found in the 
surface. For van der Waals molecules, it has been shown by Lennard-Jones 
( 13 ) that 80 per cent of the total interaction is due to the nearest neighbors. 
ITiese two facts indicate that the distribution function in the surface region on 
the liquid side of the interface is substantially the same as in the interior. In the 
numerical evaluation of the surface energy, it is assumed that the distribution 
function is the same regardless of the position of the molecule. 

Figure la exhibits a two-dimensional lattice. The molecule marked A is in 
the interior and if a line is drawn through the center of this molecule, one-half 
of the molecular centers mil be on each side of this line. The horizontal line 
throng the center of molecule A is such a line. Figure lb exhibits the same lat- 


^ cannot be experimentally determined. 


Unpubli^ed cal- 
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tice when the molecules above A have been removed so that A is in the surface. 
The important fact is that in surface formation one-half of the neighbors of a 
molecule in the top layer are not removed. Those atoms whose centers lie in 
the same plane remain as neighbors, next nearest neighbors, etc. For the two- 
dimensional lattice shown in figure la only one of the four nearest neighbors is 
removed in surface formation. Thus if the assumption is made that only the 
nearest neighbors need he considered, then for the two-dimensional lattice the 
surface energy is one-fourth of the energy of varporization. By making the same 
assumptions as above for the three-dimensional lattices involving cubic and 
hexagonal close packing, the ratio of the surface energy to the energy of vapor- 
ization would still be one-fourth. 

If a liquid is considered instead of a solid it is reasonable that again one-half 
of the molecules ^vill not be removed from the vicinity of a molecule in the sur- 
face region. Many of the surrounding molecules will remain in the surfa(5e. 
Since a liquid does not have a lattice structure, it is not possible to enumerate 
the position of the surrounding molecules as simply as for the lattice of a solid, 



Fio. 1, (a) A two-dimensional square lattice; (b) the same as figure 1 (a) except that a 
surface (1.0) has been formed through molecule A. Note that only one of the four nearest 
neighbors has been removed in surface formation. 


and an adjustment must l)e made in the limits of integration of the distributive 
function. 

The assumption made in this paper is that any atom whose center is a distance 
of ro/2, where ro/2 is the closest distance of the nearest neighbors, remains in the 
surface. Figure 2 illustrates the necessary calculations under the assumptions 
that have been made. The circle composed of the solid and dotted lines at some 
distance r n^presents some value of the distribution function iro(r). If the mole- 
cule were in the interior the total contribution to the energy would be obtained 
by integrating completely through 2ir radians. The energy of a molecule in the 
surface would be obtained by integrating along the dotted section of the line 
00' which has been placed a distance of ro/2 above the center of the atom. The 
surface energy is then integral around the solid arc above the line 00'. 

It is evident that the calculated results will depend upon the exact position 
of the line 00' and that some justification for the chosen plaa.‘ment is necessary. 
First, tiie position of 00' through the center can be niled out on the basis that this 
position appears unreasonable from the discussion on the simple lattice model. 
Also, the C^culated results are much too hi|^ to agree with the experimental 
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results. These latter calculations have not been carried to completion, but those 
made show that the ratio of surface formations to that of vaporization is over 
0.67. This is much higher than the observed values. The ratio of surface for- 
mation to the energy of vaporization is used here in the sense defined by Harkins 
(6), that the surface may be considered to be monomolecular. Later it will be 
shown that only about 78 per cent of the surface energy is contributed by the 
molecules in the first layer. 

The limit of integration cannot be placed much higher than ro/2, since to do so 
would actually place many molecules in the '‘second’^ rather than the first layer. 
That is, as many molecules as possible are placed in the top layer of the surface. 

Finally, if the nearest-neighbor approximation is made and the integration 
carried througli for the most probable distance, it is found that the ratio of surface 
energy to the energy of vaporization is one-fourth, which is in agreement with the 
result obtained for a lattice. Thus it appears that the placing of the limit of 
integration at ro/2 is reasonable. 



Fig. 2. A graphical illustration of the method of calculation. The center of molecule 0 
is placed on a hypothetical geometrical surface 00'. The larger circle, composed of solid 
and dotted lines, represents the value of the distribution function lF(r). The surface 
energy is the integral of W (r) along the solid line. 


The equation for the contribution to the energy of a molecule in the surface 
region to the surface energy in terms of the approximations made can now be 
written. The area of a spherical cap of height h of a sphere whose radius is r is 

A = 2Trrh 


If the atom is a distance a below the surface, the height h of the cap is r — a — 
Thus the contribution to the surface energy may be written 


E = - a - W{rMr)r^ dr 


(«) 


If an arbitrary molecule is chosen in the surface, then the total surface energy is 
the difference in energy between a column w^hose area is that of the molecule 
and extending theoretically, to an infinite depth, and a similar column in the 
interior of the liquid. The number of molecules at a distance a below the center 
of the chosen molecule is 


«TSiVolF(«) 

V 
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Thus, the contribution of this column to the surface energy can be written: 

5coi. = f W(a) da r (r - a- W(.r)<p(r)r^ dr (7) 

y Jo Ja-hCrom \ 2 / 

The equation is written in the above form to indicate clearly how the two neces- 
sary numerical integrations are performed to obtain the final results. The in- 
tegral of equation 6 is first evaluated for various values of a, and these results are 
then multiplied by W(a) and integrated with respect to a. The number of such 
columns per square centimeter may be estimated on the assumption of close 
packing. Thus the surface energy may be evaluated by two numerical integra- 
tions and the assumption of the packing of the molecules in the surface region. 

The calculations have been made for mercury at 20°C. and argon at — 185,7®C., 
and are given in table I with the experimentally determined values. For argon 

TABT.E 1 


Observed and calculated surface energies of liquid argon and mercury 



E (calcuiatfd) 

E (obseeved) 


ergs ctnr^ 

ergs emr^ 

Argf)n 

32 

35 

Mercury 

500 

525 


the distribution function used was that of Clingrich (5) and the potential function 
that of Buckingham (2), using the tenth power as the exponent of the distance 
in the repulsive potential. For mercury the distribution function of Wakeham 
and Boyd (17) was used and the potential function was that proposed by Hilde- 
brand (8). The values in table 1 for the observed values were calculated from 
the surface tension-temperature data piesented in the Infermtional Critical 
Tables (9). 

An examination of the values in table 1 shows that the agreement between the 
calculated and observed values is excellent. The agreement indicates that the 
surface energy of a liquid can be properlj" calculated by the use of a distribution 
function rather than the assumption of a lattice. 

It is true that ecpially go(kl agreement between obsel•^Td and calculated values 
for the surface energy can be obtained if it is assumed that the liquid has the same 
lattice as that of the solid. For example, if it is assumed that liquid argon has 
a face-centered cubic structure, and the interatomic distance is adjusted to give 
the proper density of the liquid, then the calculated surface energy is also 32 
ergs cm.'"* the same as that obtained by the use of the distribution fum^tion. 
Even though eciually good results can be obtained by considering the liquid as 
a lattice, the treatment is one that cannot be condoned. Liquids arc known not 
to possess a lattice structure, and any essentially correct treatment cannot be 
based upon the lattice concept even though in a numerical computation it gives 
the correct or same answer as a method not based pn a lattice structure. 

The calculated values for both argon and mercury are lower than the observed 
values. This, however, is not believed to be significant. The difference is 
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certainly less than that which mi^t be expected solely from the estimation of 
the limits of integration, that is, the number of mdlecules that ate neighbors 
of a molecule in the surface region. 

Apart from the actual agreement between observed and calculated surface 
energies of the liquids, two other facts of considerable importance are obtained. 
The first of these is the thickness of the surface region. These calculations show 
that 99 per cent of the effect of the surface for this class of molecule is to be found 
within 15 A. or rou^ly four molecular diameters of the surface. Of this quan- 
tity, approximately 78 per cent is concentrated in the first layer. These results 
indicate that the assumption that the surface of this class of liquids is monomolec- 
ular is energetically Justifiable as a first approximation, but that in any refined 
treatment at least four layers must be considered. 

Since van der Waals forces are the shortest-range molecular forces known, it 
appears reasonable to assume that to within 1 per cent, the surface region is at 
least four layers thick. Dent has calculated for ionic solids that the surface 
re^on to an approximation of 1 per cent is thirty layers deep. Since the coulomb 
forces are the longest-range molecular forces, it is reasonable that this would be 
the maximum thickness of the surface region. Thus, these two computations 
place an upper and a lower bound on the thickness of the surface region. One 
other result appears to be inherent in this treatment. The energy of vaporiza- 
tion of most liquids when their vapor pressures are low is only slightly dependent 
upon the temperature. For most calculations no great error is made if it is as- 

= 0. Since the expression for the surface energy is of the 

same form as that for the energy of vaporization, it would be predicted that when 
the vapor pressure is low the derivative of the surface' energy with respect to the 
temperature would be small. That is, as a first approximation the surface energy 
^ould be independent of the temperature. Within the experimental error of the 
determination of the surface energies of most liquids, it is found that the surface 
energy is independent of temperature. The above statement is equivalent to 
stating that the surface tension is a linear function of the temperature. At those 
temperatures where the vapor pressure is low, this is true within experimental 
error for nearly all “normal” liquids. 

III. SUMMARY 

1. An equation for the .surface energy of a liquid is set up in terms of the poten- 
tial function, distribution function, and molal volume. By an appropriate 
approximation of the limits of the bulk distribution function, it is possible to use 
the distribution function determined in the interior of the liquid. 

2. The above expressions are applied to liquid argon and mercury. The cal- 
culated values for the surface enei^ are 32 and 500 ergs cm.“*, respectively. 
These are comparable to the observed values of 35 and 525 ergs cm.~^ 

8. From the above calculations it is found that 99 per cent of the surface energy 
is to be found within four molecular diameters of the surface and that approx- 
imately 78 per cent of the effect is in the first layer. 


sumed that 


m 
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4. The expression for the surface energy indicates that at low temperatures 
the surface energy should vary with temperature in approximately the same 
manner as energy of vaporization. This means that when the vapor pressure 
is low, for most liquids the derivative of the surface tension with respect to the 
temperature should be approximately zero. This is in accord with most measure- 
ments. 

REFERENCES 

(1) Born, M. : Encyclopedie der mathematischen Wissenschaft 6, 743 (1943). 

(2) Buckingham, R. A.: Proc. Roy. Soc. (London) A168, 264 (1938). 

(3) Dent, B. M.: Phil. Mag. [7] 8 , 530 (1929). 

(4) Fowler, R. H., and Guggenheim, E. A.: Statistical Thermodynamics y p. 445. Uni- 

versity Press, Cambridge (1939). 

(5) Eisbnstbin, a., and Gingrich, N. S.: Phys. Rev. 68, 307 (1904); 62, 261 (1942). 

(6) Harkins, W. D. : J. Am. Chem. Soc. 44, 653 (1922). 

(7) Hildebrand, J. H., and Wood, S. E.: J. Chem. Phys. 1, 817 (1933). 

(8) Hildebrand, J. H., Wakeham, H. R., and Boyd, R. N. : J. Chem. Phys. 7, 1094 (1939). 

(9) International Critical Tables y Vol. IV, p. 423. McGraw-Hill Book Company, Inc., 

New York (1928). 

(10) Jaeger, F. M.: Reference 9, p. 443. 

(11) Lipsett, S. G., Johnson, F. M. G., and Maass, 0.: J. Am. Chem. Soc. 49, 925, 1940 

(1927). 

(12) Lipsett, S. G., Johnson, F. M, G., and Maass, O. : J. Am. Chem. Soc. 60, 2701 (1928). 

(13) Lennard -Jones, J. E., and Ingram, A. E. : Proc. Roy. Soc. (London) A107, 636 (1925). 

(14) Lewis, G. N., and Randall, M.: Thermodyriamics and the Free Energy of Chemical 

Substancesy p. 248. McGraw-Hill Book Company, luc., New York (1923). 

(15) Rayleigh, liORD*. As quoted by Fowler and Guggenheim in reference 4. 

(16) Stefan, J.: Wied. Ann. 29, 655 (1896). 

(17) Wakeham, H. 11 ., and Boyd, R. N. : J. Chem, Phys. 7, 958 (1939). 
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In recent years the multimolecular adsorption theory of Brunauer, Emmett, 
and Teller (5) has become one of the most important and useful tools in the field 
of gas adsorption. In its linear form the simple basic equation (n == oo ), 

X ^ J, . (g - 1)^ (1) 

t;(l — z) VniC VmC 
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auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 
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where x = relative pressure, i.e., measured pressure divided by condensation 
pressure of the adsorbate, 

V = measured volume of gas adsorbed, 
c = constant related to heat of adsorption, and 
Vm = constant, the volume required to complete a unimolecular layer, 

has been widely used for the determination of surface areas. Usually, measure- 
ments of the adsorption of nitrogen on the adsorptive or catalytic solid at the 
temperature of liquid nitrogen have been employed in the calculation. 

Most data for nitrogen, as well as for other gases, give linear plots of x/v{l — x) 
versus x between 0.05 and 0.35 relative pressure. The deviations from linear- 
ity generally occur outside of this range and can be conveniently divided into 
two groups: the cases where the data show too little adsorption, and those where 
the data show too much adsorption. Too little adsorption at higher relative 
pressures is usually interpreted as being due to the pores, i.e., the “n’* effect (3, 
4, 10) or to the heat of adsorption in the second and succeeding layers l)cing less 
than the heat of liquefaction (1). Modifications of the simple B.E.T. equation 
based on these concepts increase the range of linearity to 0.7 relative pressure and 
sometimes beyond. 

Too large adsorption below 0.05 relative pressure is characteristic of most ad- 
sorption data (3) . For this deviation, which is generally attributed to adsorpt ion 
on the more active portions of the surface, no modifications of the basic theory 
have been proposed. Too large adsorption at higher pressures has been attrib- 
uted to a heat of adsorption m the second layer greater than the heat of licpie- 
faction (3). A modified B.E.T, equation is available to handle this cast^ (5), but 
there are no instances in the literature of its application to data. It may be 
shown, however, that for very low net heats in the second layer this equation pre- 
dicts a slight deviation in this direction. As the net heat is increased, the d(^via- 
tion changes to decidedly too little adsorption at. high relative pressun\s. This 
equation also predicts excessive adsorption at lower pressures. Details will be 
presented in a future communication. 

In a few cases there has apparently been too much adsorption at both high and 
low pressures, and these effects encroach upon the usually linear region so as to 
make the plot of x/v{l — x) versxis x concave to the pressure axis over practically 
all of this region (9, 16). The magnitude of the concavity in these instances can- 
not be accounted for by too high a heat of adsorption in the second layer. 

In the present paper an attempt is made to show that some cases where too 
much adsorption is observed can be explained by non-homogeneity of the sur- 
face. 


SURFACE NON-HOMOGENEITY 

The B.E.T. theory assumes that a single value for the heat of adsorption in 
the first layer, that is, a single value of c, applies to the entim surface of the ad- 
sorbent. In many adsorbents different portions of the surface differ widely in 
chemical nature, as in the case of mixed, promoted, or supported catalysts. 
Associated with these various portions of the surface there may be expected to be 
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different heats of adsorption and consequently different c values. Furthermore, 
even when the solid is chemically uniform, the heat of adsorption may be expected 
to vary considerably over different portions of the surface. Taylor (15) sug- 
gested this idea in his theory of active spots, and others (7, 12, 13, 14) have made 
quantitative calculations of the differences to be expected at edges and comers 
and on different faces of the same crystal. 

Langmuir (1 1) expanded his adsorption equation to take care of this inliomo- 
geneity of the adsorbing surface in the following manner: 

V = 4 - 

1 + hxp ^ 1 + bnP 1 + biP 

where the total is the sum of the v„,iS and where the 6t’s depend upon the cor- 
responding heats of adsorption on the different surface elements. Qualitatively, 
Langmuir could account for the different obtained with different adsorbates 
on the same adsorbent with this equation, l>ut quantitatively the large number of 
constants prevents an adeciuate test. 

The Langmuir ecpiation, of course, deals only with unimolecular adsorption. 
For multimolecular adsorption, the B.K.T. equation can also be rearranged and 
expanded to express the volume adsorbed as tlie sum of the volumes adsorbed on 
the different, surface elements: 

^ ^ r r^A Ca I I 

1 — o: LJ + (^A ~ i)x i + (cb — l)x i + (ct - \)X 

ITere each r, is related to that particular heat of adsoi'ption effective over the sur* 
face element In general, a large number of parameters will be needed to 
represent completely the adsorptive properties of a surface, but important con- 
clusions can be reached if t wo terms, rath(‘r than the customary single term repre- 
sented in e(piation 1, are employed: 

^ X r Ct/ja Ca I e,;, jjCtt 

^ 1 — .T LI + (<^A — \)x I + (Cb — l)x 

This equation, then, involves the assumption that the surface is of a dual nature. 

(aiARA(TEUISTICS OF DUAL SIUiFACES 

Equation 4 is to be applied to data which ar(‘ not adeciuately handled by the 
B.E.T. n == equation. Therefore, a comparison of tlie two equations is in- 
structive. The most significant comparison can be made by applying the ILE.T. 
equation 1 to isotherms obeying the dual-surface ecjuation. It is desirable to 
study the relationships in tin* 0.05 to 0,35 1 'elative pn\ssiire n^gion, which is usually 
plotted, and in the region below 0.05 relative pressure. Ihe effect of the pores 
may obviate any comparison for actual data above 0.35. 

Region between 0.05 and 0.35 relative pressure 

Suppose a hypothetical surface is made up of two parts. With the four para- 
meters of equation 4 assigned, the isotherm can be calculated. And from the 
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known values of v at various intervals of x, the B.E.T. functions can be calculated 
and tbe B.E.T. plot constructed. 

Mgure 1 ^ows this plot when both and iwb fure assigned values of 10, so 
that the total Vm is 20, but Ca is taken as 100 and Cb as 2. Hiere is a pronounced 
concavity toward the relative pressure axis. Line I represents l^e best strai^t 
line through the points as calculated by the method of least squares. The Vm cal- 
cidated from the slope and intercept of this line is 15.98, vdiidt is 20.1 per cent 
lower than the correct value of 20; the c value is 20.4, intermediate between the 
values assumed for Ca and Cb. 

The highest reasonable value of Vm that can be obtained from figure 1 cones- 
poide to line II, the line of lowest reasonable slope. From line II, Vm is 17.9, 
which is 10.5 per cent low, and c is 9.6. Thus, when surface non-homogeneity 



Fio. 1. Typical deviatiou oi' usual B.E.T. plot when one c is very low 

causes the B.E.T. plot to be curved in this manner, the correct Vm cannot be 
determined from a usual B.E.T. plot. 

If three of the four parameters are kept fixed, the effect of varying the fourth 
can be studied. In figure 2, the per cent error in v„ from the best straight line is 
plotted against the logarithm of Cb for equal values of VmA and Vma. A family of 
curves is given, each for a different fixed value of Ca: 1, 2, 5, 10, 50, and 10,000. 
When the c’s are different and one of them falls unusually low (less than 30), the 
error in becomes large. At high values of cb these curves approach asymptotes 
as Cb approaches infinity. If these curves were extended telow cb == 1, they 
would asymptotically approach 50 per cent error since, with cb equal to zero, 
there would be no adsorption on half of the surface. 

The c value obtained from the best straight line is always intermediate between 
Ca and Cs, as indicated in figure 3, but generally reaches a minimum at a low value 
of Cb. As Cb becomes very large, the average c approaches an asymptote which 
is the value ydien Cb is infeute. If the curves in figure 3 were extended to Cb = 
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Fig. 2. Error in rm as a function of cx and cb for a 1:1 ratio of surfaces 



Fig. 3. Over-all c as a function of cx and cb for a 1:1 ratio of surfaces 


0, then the c from the B.E.T. plot would approach Cx- It is evident that the c 
obtained from a linear-appearing B.E.T. plot- is not necessarily an acting value. 
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Although the calculated over-all Vn, is only precisely equal to VmK plus when 
Ca is equal to Cb, the value is not much in error when both Ca and are large (say, 
above 30). Fortunately, c has usually been found to lie between 60 and 500 for 
the adsorption of nitrogen at the temperature of liquid nitrogen (8). Several 
exceptionally low values of c, however, have been reported recently (16, 18). 

In the above considerations of the variations of Vm and c with Ca and Cb, the ratio 
of VfnA to was kept constant, but the Vm and c obtained are also dependent upon 
this ratio. This dependency is illustrated in figure 4 for Ca equal to 100 and Cb 
equal to 2. The error in the Vm obtained from the best straight line reaches a 
maximum of about 27 per cent when the second portion of the surface is 80 per 
cent of the total. The c value falls gradually as the per cent of the Cb surface in- 
creases. For a system in which both c’s are known, it is evident that the c value 



Ftg. 4. Influence of ratio of extents of two surfaces present 

determined from the best straight line may be employed as a measure of the rela- 
tive amounts of the two surfaces present. 

Region below 0.05 relative pressure 

From figure 5 it is learned that the dual-surface theory leads to curvature of the 
B.E.T. plot if the c values differ, even though both c values are large. The 
curvature, however, sets in only at low relative pressures. The straight line in 
figure 5 was calculated by the method of least squares from points in the region 
of 0,05 to 0.35 relative pressure where the plot is essentially linear. As straight 
lines are dra'vvn through points at lower relative pressures, Vm and c change so as to 
approach asymptotically the values for the portion of the surface having the 
higher heat of adsorption. 

B.E.T. plots typically “tail off'’ below 0.05 relative pressure (4), and the con- 
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cept of active spots has generally been given as a qualitative explanation. The 
dual-surface concept provides a quantitative approach to this phenomenon. 

TREATMENT OF DATA 

If an adsorbent possesses the propi'rties of a dual surface, the solution of equa- 
tion 4 will give a more precise value of v„,, the proper c values for the two surfaces 
and the amounts of ea(‘h surface present. 

Simultaneous equations 

The four parameters of equation 4 can be obtained from four simultaneous 
equations stit up with four sets of data for v and r. There is only one real solution 



to the sc't of four eciuaiions. The solution, lK)\ve\ er, is tedious and sensitive to 
whi(4i four adsorption points are chosen. If one of the parameters, such as one of 
the c’s, is knowTi indiqx'ndently, then only three simultaneous equations are 
needed. In either case, however, a graphical solution is more desirable. 


Graphical solutions 

One c may be known; it may, for example, have been determined from adsorp- 
tion measurements made on one of the pure substances of which the composite 
material is composed. In the data of figuiT 1 then, Ca may be known to be 100. 

If Cj, is known, the follow ing graphical approximation method which makes use 
of all the measured points can be used: A value of i>„,a is chosen at random. The 
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isotherm for the first portion of the surface is then calculated from the B*E*T. 
n = 00 equation 1 and subtracted from the total isotherm. The resulting iso- 
therm is then tested for linearity on a B.E.T. plot. If the B.E.T. plot for this 
second portion of the surface is concave to the pressure axis, the value chosen for 
VmA is too low, and if convex, the value is too higli. On the basis of these observa- 
tions, new approximations are made until a straight line is obtained. Small 
variations in the choice of Vmx markedly affect the linearity. Finally, from the 
linear plot v^b and Cb are calculated. 

Both c’s may be known; they may, for example, have been determined from 
measurements on the first of a series of similar samples. In this case the dual- 
surface equation (equation 4) can be arranged in a linear form 


t;(l - x)[l + (ca ~ 1)1 
ckx 


VmK "b 


£b 1 + (ca - l) x 
Ca 1 + (Cb — \)X 


(5) 


The intercept and slope of the plot of equation 6 are directly VmK and Vms, respec- 
tively. 

Another procedure if bolh c’s are known is to use a graph such as figure 4 as a 
calibration curve. The c from the best straight line of the B.E.T. plot will give 
the ratio of the extents of the two portions of the surface as well as the error in the 
Vm from this line. This information will establish the extents of the two portions 
of the surface. 


Adaptahiliiy 

Application of the dual-surface theory provides a method for measuring the ex- 
tents of various portions of a composite surface through physical adsorption. 
The only necessary requirement is that the adsorbate be chosen to give a low c 
(below about 30) for one portion of the surface. The remainder of the surface 
may consist of a multitude of different surfaces so long as their c values are all 
relatively high. Analysis of the adsorption data will then give the extent of each 
portion of the surface. 


HEATS OP ADSORPTION 

In the B.E.T. theory 

C = (6) 

6iOs 

where the coefficient of the exponential is usually taken as unity. The value of 
the average net differential heat {Ei — Et) for adsorption in the first layer can 
then be readily calculated from the c value determined from the B E.T. plot. 
The values of Ei — Et. determined in this manner, the so-called B.E.T. heats of 
adsorption, have generally been found to be much lovwr than calorimetric or iso- 
steric heats (2). According to the statistical calculations of Cassie (6), the ratio 
of the constants i^ould be mudh lower than unity. Alteration in this direction 
would give rise to better agreement between B.E.T. and other heats of adsorp- 
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tion. For purposes of discussiaa here, however, the ratio will still be taken as 
unity ; tiie conclusions arrived at will be independent of this choice. 

A linear>appearing B.E.T. plot, it ^ould be borne in mind, does not necessarily 
mean that the surface is predominantly xmiform in nature with respect to heat of 
adsorption. ILi^ 

Single surfaee 

From the nature of the B.E.T. assumptions, it mi^t be at first supposed that 
with one over-all c value the plot of B.E.T. heat of adsorption versus volume*ad- 



Fio. 6. Theoretical net differential heats of adsorption as a function of the volume adsorbed 

sorbed would display a first-order break where v equals Vm- Further considera- 
tion indicates that this cannot be so, since for the first portions of gas going on the 
surface, the B.E.T. theory considers that some of the gas is adsorbed in the second 
and hi^er layers. The first layer is theoretically not completed until po is 
readied. As a consequence of the B.E.T. theory, it may Ih* shown that 

p, = (1 — x)v 


( 7 ) 
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where vi is the volume adsorbed into the first layer. This is a surprisingly simple 
relationship.’* Equation 7 was obtained in another way by Cassie (6). 

The net differential heat of adsorption may l)e shown to fall off gradually ac- 
cording to the equation: 


E - El = RT In r 


dni 

dt) 


R7 

2{c 


Si['- 


— ^ r_L+^ 1 
V(r - 1)*"+ 47/cJ 


( 8 ) 



Fio. 7. Theoretical not differential heats of adsorption as a function of relativ(! pressure 

where V = v/v„,. For equation 8, the usual assumption of no net heat of adsorp- 
tion in the second and succeeding layers has been used. 

Hots of equation 8 for c equal to 100 (curve A) and 1000 (curve B) with v,,, equal 
to 10 are given in figim; 6; the breaks in the curve would be even less abrupt at 
lower c values. In figure 7, the plots of the net heats of adsorption verstis the 
relative pressure (curves A and B) fall off more gradually. 

‘ The asymptote of the plot of »i against x may be determined to estimate i>», but this 
method does not seem to offer any advantage over the older Point B method of Emmett and 
Brunauer. 
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Dual surface 

If the c value for one portion of the surface is low, it has l)een shown previously 
that the estimated Vm from the best straiglxt line of the plot may be much 

too low. The heat-of-adsorption plot, on the other hand, may be expected to be 
affected only slightly, because relatively little adsorption will take place on the 
area of low c value at low relative pressure. This is demonstrated in figure 0, 
where with and assigned values of 100 and 1 , respectively, and VmK and 
both 10, the shape and position of the curve (curve (") is only sliglitly altered from 
that for the single surface with c equal to 100 and Vm equal to 10. The net heat 
for the dual surface is also plotted against the relative pressure in figure 7 (curve 
C). 

When the dual surface is composed of a portion with a Ca of 100 and v,nA_ of 10, 
and a portion with a Cb of 1000 and a of 10, the gradual decrease ((jurves D) 
of figures 0 and 7 is obtained. Even for the fii-st amount of gas adsorbed the cal- 
culated (or measured) heat of adsorption does not represent the maximum that is 
operating. When only 20 per cent of the surface is the B portion with the rela- 
tively high heat of adsorption (active spots), then the curve shows two breaks 
(curves Fj) ; for this plot is 1 G and Ca is 100, whereas v„,ji is 4 and Cb is 1000. 

It is evident from these curves that for an actual surface where there is a dis- 
tribution of heats of adsorption with a small part of the surface having a very 
higli heat, the plot of differential heat of adsorption versus volume adsorlxnl will 
be very steep at low^ volumes with an inci*easing slojxe. This curve can be fairly 
regular or it may have points of inflection, depending upon the relati^'c extents of 
the portions of the surface with various heats of adsorption. 

Sl-MMARY 

A dual-surface theory of adsorption biused on the multimolecular adsorption 
theory of Brunauer, Emmett, and Teller is presented. ^Jhis theory involves the 
concept of an adsorbing surface made up of two portions differing in their r^s 
or heats of adsorption. 

Adsorption data for such a surface show' the following characteristics when 
plotted according to the usual linear form of the B.K.i\ equation: (/) Both c’s 
large: linear from 0.05 to 0.35 lelative pressure with points falling below' the 
straight line at lower pressures. (^) One c small : concave to the prcvssure axis, 

Wlien the B.E.T. plot is concave to the pressure axis from 0.05 to 0.35, the Vm 
obtained from the best straight line in this region is too small. The value of c and 
the error in tv are given for a wide range of r’s for the tw'o portions of the surface. 

The dual-surface equation pivsents a method for measuring the extent ol a por- 
tion of a solid surface by physical adsorption. 

Methods are presented for analyzing appropriate data for the ‘^true” total tv 
and the relative amounts of the two surfaces present. 

The authors acknowledge the assistance of James A. Long in carrying out some 
of the calculations. This \\'ork w'as partially supported by the Westvaco 
Chlorine Products Corporation. 
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Application op Dual-sdbface Theory 
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Received August SS, 1947 

In a previous paper (4) the unusual results of the adsorption of nitrogen on 
commercial active magneraas were presented. For these data the plots of the 
linear form of the multimolecular adsorption equation of Brunauer, Emmett, 
and Teller (2) showed a distinct curvature in the usually linear region. This 
curvature introduced an uncertainty in the position of the proper straight line 
for area determination by this method. It was suspected that the value of 
Vm obtained from the least-squares line might not be of significance, because the 
phenomenon that caused the curvature might erase the validity of a v„ obtained 

' Presented at the Twenty-first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1047. 

, ’ Post-Doctoral Fellow at the Lehigh Institute of Research. 
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from this plot. Accordingly the modifications of the B.E.T. theory in the 
literature were examined in an attempt to explain these data and more definitely 
establish Vm. 

A concept was required which would account for excessive adsorption at a 
relative pressure of about 0.35. Of the modifications in the literature only two 
fulfill this requirement. Both of these take into account net heats of adsorption 
beyond the first layer. Brunauer, Emmett, and Teller (2) have presented an 
equation to handle net heat in the second layer, and Anderson’s modification (1) 
will handle excessive heat in the second and through about the ninth layer. 
These modifications did not give satisfactory fit to the data. A new approach 
was devised, however, which showed very satisfactory agreement. This modifi- 
cation is presented in the preceding paper (3), where it has been referred to as 
the dual-surface theory. 

Concepts involving pores have not been treated, since they predict less rather 
than more adsorption at pressures just beyond the usually linear region. In the 
following discussions n will be kept infinite for simplicity and only relative 
pressures below 0.35 will be considered, so that the presence of pores can be 
fairly safely ignored. 


HEAT IN SECOND LAYER 


Bmnauer, Emmett, and Teller (2) have given the following equation, which 
does not include the usual assumption that the heat of adsorption in the second 
layer is equal to the normal heat of liquefaction: 

_ 1 + (5 — l)(2 a; — x‘ ) 

^ (I — x) I + (c — i)a; -f (h — l)ca:^ 

where all symbols have their usual significance and b = 

For convenience in calculation this equation may l)e expressed in the following 
manner: 


whore 


V 


/ cx + bcG \ 
\1 -f cz -f hcF / 



( 2 ) 

(3) 


and 

G = (4) 

(1 - 

Equation 2 can be put into two linear forms for testing its applicability to data 
but in each case the value for one of the constants must be estimated before^ the 
plot is made, and the other two are evaluated from the resulting plot. Ihe Ixjst 
estimate for the first constant is taken to be the one which makes tlie plot most 
nearly linear. 
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In the first linear form, 

1 (a: + {)(?)-“-+- (x + hF) (5) 

V Vn^r. Vm 

the value of b is estimated, and (r + bG)/v is plotted against (x + 6F). When 
this equation was applied to data for the adsorption of nitrogen on commercial 
active magnesias, it was found that the plots were concave to the (x + bF) axis 
regardless of the value selected for b. Although the degree of curvature is almost 
independent of b, the values of Vm and c vary greatly, as may be seen in table 1. 

Since the curvature of this plot was so insensitive to b, equation 2 was put into 
another linear form, 

- 1 ^ = 1 ( 6 ) 

where the value of v,n can be estimated and x ('^-l)plotte,lagainBt(;.’- 


TABLE 1 

Dependence of Vm and c on the estimate of h 


b 

t’m 

c 

b 

Vtn 

c 

1.0 

39.5 

44 

2.0 

32.8 

J09 

1.3 

36.0 

68 

2.5 

31.2 

160 

1.5 

35.3 

74 

5 

27.6 

56 

1.7 

34.4 

85 

10 

25.9 

13 



Using this equation the shape of the plot varied considerably with the choice of 
Vm, but in no case was it linear over an appreciable pressure range. In spite of 
the non-applicability of this eejuation to the data, one of the best isotherms cal- 
culated from it was compared with the data for a typical run (run No. 42, grade 
2642) and the deviation is plotted in figure 1 for comparison with the other 
theories. 


HEAT IN SECOND AND SUCCEEDING LAYERS 

Anderson (1) has devised a modification of the B.E.T. theory in which the heat 
of adsorption in the second and succeeding layers is assumed to be different from 
the heat of liquefaction: 

2 -i- + (7) 

»(! — lex) kVmC VmC ' 

This equation is applied by finding by trial and error the value of k for which the 
plot of x/v(l — kx) vs. X is a straight line. In a large number of cases Anderson 
has been able to fit the equation to the data up to relative pressures of 0.7 to 0.9. 
In the case of nitrogen adsorption on active magnesia (run No. 42, grade 2642) k 
was found to equal 1.20. This value gave a plot that was most nearly linear over 
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the greatest range, but this range was very short and extended up to a relative 
pressure of only about 0.35. At higher pressures the points deviate drastically 
in the direction of too little adsorption. Thus the equation i s found to apply well 
at low pressures but not at the higher pressures for which it was designed. 



Fig. 1. Df'viation of nitrogen adsorption isotherm from isotherms ealculated by various 
theories. 


TAliLK 2 


Results oj appheation of various methods to run No. 


1 

JI£THOn 

SPEUAL CONSTANT 

Vm 

C 

H.E.T. . 


38.6 

60.3 

B.E.T. (with second layer) 

b = 1.5 to 1.7 

36-34 

70-90 

Anderson . . 

k « 1.20 

34.82 

99 

Dual surface 




Graphical. 


45.1 

1 35, i:io 



(11.3 + 33.8) 


Algebraic . . 


46 9 




(13 3 + 33.6) 

1.21, 134 


When k is greater than 1.0, the heat of adsorption in the second and succeeding 
layers is greater than the heat of li(|uefaction. The values of the constants ob- 
tained from the linear portion of the plot of equation 7 for k = 1.20 are given in 
table 2, and the agreement of the experimental data with the isotherm calculated 
from these values is shown in figure 1. 
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DUAL-STOFACE THEORT 

WMe seeking for an explanation for the curvature of the B.E.T. {dots for nitro- 
gen adsorption on commercial active magnesias, the authors examined the effect 
of surface duality on the linearity of the usual B.E.T. plot (3) . It was found that 
if one portion of the surface has a very low heat of adsorption, the B.E.T. plot is 
concave to the pressure axis. Since these theoretical plots are very similar to the 
experimental ones, the dual-surface equation: 

^ X r PmACA L V«,bCb I 

1 — a: L 1 + (ca — 1)* ^ 1 + (Ob — 1 )®J 

was applied to these data. 

The only direct method of evaluating the four constants of this equation is by 
the solution of four simultaneous equations obtained from four points on the 
isotherm. Since this method is very cumbersome and is based on only four of 
the measured points, it was very desirable to get an independent value for one 
of the constants. 

In contrast to the curvature obtained with the commercial active magnesias 
from sea water, the adsorption of nitrogen on c.p. magnesia gave a perfectly 
linear B.E.T. plot. This observation indicated that the surface duality in com- 
mercial active magnesia is probably due to impurities which cover part of the 
surface. If this notion is correct, then one portion of the dual surface should be 
m^nesium oxide, and the c for this portion should be obtainable by adsorption 
on the c.p. material. Several runs with c.p. magnesia ^owed the c to be 130 
(±4). With this independent value for one of the c’s, it is possible to use either 
the solution of three simtiltaneous equations or a graphical method to evaluate 
the remaining constants. 

The use of simultaneous equations is much less satisfactory than a graphical 
solution, since a slight error in one of the chosen points may introduce consider- 
able error into the results. The graphical solution was carried out as previously 
described (3). Values for VmA for the clean part of the surface were estimated. 
For each estimate the isotherm for adsorption on the clean part of the surface was 
calculated, using the B.E.T. equation forn = «>, This isotherm was subtracted 
from the experimental data to give the isotherm for adsorption on the other por- 
tion of the surface. This isotherm was then plotted according to the linear 
form of the B.E.T. equation. The estimate for p„a which made this plot most 
linear was considered to be the correct one, and VmA and cb were obtained from the 
dope and intercept of this straight line. Plots for four estimates of VmA for active 
magnesia 2642 are shown in figure 2. It will be noted that the shape of the plot 
changes radically with a small change in v„a- The figure indicates that a VmA of 
33.8 produces a very satisfactory straight line from 0.05 to 0.35 relative pressure 
which gives values of VmB and Cb of 11.3 and 1.35, respectively. This combination 
of a normal and a very low c should produce the observed curved B.E.T. plot 
according to the dual-surface theory. The total isotherm calculated using these 
constants is in very close agreement with the experimental data. In figure 1 the 
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deviation of the experimental data from the calculated isotherm of the dual- 
surf^ equation is compared with the deviations from the isotherms calculated 
from the other concepts discussed above. This graph clearly shows that surface 
duality affords a much more adequate explanation of nitrogen adsorption on 
active magnesia than any of the other modifications of the B.E.T. theory. 

It is of interest to note that this analysis of magnesia 2642 attributes to it a 
total Vm of 45.1 ml. per gram, a value which is considerably in excess of that ob- 
tained by any other method. These results are compared in table 2. Where 



Fio. 2. Graphical application of dual-surface theory to run No. 42 on magnesia 2642 


TABLE 3 

Application of dual-surface equation to commercial active nvagnesias 


GBADE 

BUN 



B.E.T. Vm 

XP 

44 

130; 1.03 

48.6 + 17.0 - 66.5 

54.9 

2642 

42 

130; 1.35 

33.8 -f 11.3 « 45.1 

38.6 

2642 

49 

130; 2.38 

32.8 -h 8.7 « 41.5 


2642* 

P 

130; 3.47 

37.5 -f 9.5 « 47.0 

44.0 


* Degassed for 20 hr. at 490‘’C. instead of 1 hr. at 250°C. 


dual-surface analysis applies, total will always be higher than that obtained 
from any form of the B.E.T. equation. 

It should be pointed out that while the dual-surface equation contfuns four 
constants, only three were varied to fit the equation to the data. Thus, in this 
application the dual-surface equation contains only three adjustable constants, 
as do the other modifications with which it has been compared here. 

In order to confirm the uniqueness of the evaluation of the dual-surface con- 
stants discussed above, four points on the isotherm were selected and used to set 
up four rimultaneous equations which could be solved for the constants. Solu- 
tion of these equations gave results in very close agreement with the graphical 
results as indicated in table 2. This calculation also demonstrated that this 
sdution is the only real one. 
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The above discussion is centered about nin No. 42 on active magnesia 2642. 
The results of the application of the dual-surface equation to several other meas- 
urements on different batches of magnesia 2642 as well as magnesia XP are 
shown in table 3. 

The data in table 3 indicate that the total obtained from the dual-surface 
equation are approximately 20 per cent greater than those from the B.E.T. 
equation. These increases in area place the nitrogen adsorption areas in much 
better agreement with the areas obtained from x-ray diffraction measurements 
(5). These data also show that the surface usually contains about 25 per cent of 
surface with low heat of adsorption. 

SUMMARY 

The non-conformity of the data for nitrogen adsorption on commercial active 
magnesias to the B.E.T. equation could not be explained by any modification of 
the B.E.T. theory already in the literature. 

The dual-surface equation was found to be in very excellent agreement with 
the data, however. Application of this equation to typical data showed 75 per 
cent of the surface to have a c of 130, while the remainder had a c of 1 .35. The 
total area was found to be greater than that found by other methods. Solution 
of simultaneous equations showed this result to be unique. 

As in the previous papers of this series, this work has been supported by the 
Westvaco Chlorine Products Corporation. 
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MONODISPERSE COLLOIDS AND HIGHER-ORDER TYNDALL 
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INTHODUCTION 

The recent discovery of methods for preparing aerosols (12) and more particu- 
larly sulfur hydrosols (7), whereby stabilized sols of any desired strictly mono- 
disperse size in the colloidal range can be prepared at will, furnishes a new tool 
for reinvestigating many problems of colloid science. The use of such mono- 
disperse preparations greatly simplifies the interpretation of data which are 
dependent upon particle size. 

When a polydisperse preparation is employed, it becomes necessary to know 
not only the average size but also the parameters which specify the particular 
size distribution. The particular distribution is often very difficult of reproduc- 
tion, but more important still, the existence of a distribution of particle size will 
often obscure any simple relations that actually exist between particle size and 
the property being investigated. The net result has been that with polydisi)erse 
preparations only uiK^ertain or ambiguous relations are finally discovered, in 
spite of much tedious and painstaking investigation. The purpose of this paper 
is to assemble some' of the results of recent investigations, as yet not published 
in detail, whenun (‘lear-cut unambiguous interpretations of the effect of particle 
size have been attained by the use of these new methods of preparation. 

Optical j)roperties in general, and in particular the angular scattering of 
incident light and its transmission through turbid media, are most sensitive to 
variation in particle size. These properties will accordingly be treated in detail, 
since they have furnished the criteria necessar\^ for specifying the droplet radius 
and the monodisperse character of the preparations employed in testing other 
relations dependent upon size. 

Monodisperse colloids exhibit a beautiful optical effect, which has until 
recently (7, 12) escaped experimental detection and verification, despite much 
careful investigation in the field of colloid optics, because the sols employed 
previously have not been sufficiently monodisperse. The designation “higher- 
order Tyndall scattering spectra’’ specifies the character of the effect. 

Although first demonstrated by Sinclair and the writer (12) in 1941 while 
engaged in a search for a method of preparing monodisperse aerosols, the effect 
can be demonstrated and reproduced most simply and conveniently w ith sulfur 
hydrosols (7). 

^ Presented at the Twenty-first National Colloid fiSymposiuin, which was hold under the 
auspices of the Division of Colloid Chemistry of the American Chemical Sociely at Palo 
Alto, California, June 18-20, 1947. 
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PRBPAEATION AND OPTICAL PROPERTIES OF MONODISPERSB StJLFUB SOLS 

When the conditions of proper concentration, temperature, and the absence 
of interfering nuclei are controlled, — for example, when optically dear solutions 
of 0.001 M sodium thiosulfate and 0.003 M hydrochloric acid are mixed thor- 
oughly and instantaneously in dem glass flasks and observed with a beam of 
parallel natural white light passed tWugh the flasks, — ^the resulting solution 
remains crystal clear (11) for about 68 ± 1 min. at 25®C. During this time 
molecularly dispersed sulfur is being produced by the homogeneous chemical 
reaction imtil a degree of supersaturation is reached which can no longer be 
tolerated by the system. 

This reproducible time limit is signalized by the appearance of the well-known 
Rayleigh type of T3mdall beam, and corresponds to a phase transition wherein 
droplets of lambda sulfur existing as a supercooled liquid having radii of the 
order of 10”* cm. (0.01 micron) are formed from the molecularly dispersed sulfur. 

The beam of scattered light is at first of very low intensity. It is characterized 
by a pure blue color, the intensity of which is distributed symmetrically in 
respect to the scattering angle 0 as (1 -f cos* B). This blue light, as is well 
known, is completely polarized at ® = 90°. The intensity, /, of the scattered 
light increases exceedingly rapidly at first, as a result of the relatively rapid 
growth of the droplets and the strong dependence of intensity upon the particle 
radii. 

Thus, in this initial range of size designated as region 1 in figure 1, where r/X 
is < 1/10 the simple limiting law of Rayleigh is valid: namely, 

I = jfcVV X* (1) 

Here ¥ is a constant independent of the radius r and the wave length. Accord- 
ingly, in this region the scattered intensity increases (5)® = 15,625-fold when 
0.01 /i particles grow to 0.05 n. This great increase in intensity occurs over a 
period of a few minutes and represents a kinetic process meriting further investi- 
gation. 

As an empirical law of scattering valid for any value of r/X we may employ 
equation 2, where the exponent y is variable. 

/ = fer* (r/X)«' (2) 

In region 1, y is a constant equal to 4 and equation 2 reduces to equation 1. 
For increasing values of r/y, y decreases, reaching a negative value of about 2.2 
before finally approaching zero as required by geometrical optics (see figure 1). 

During the first hour of growth of the droplets, i.e., during the second hour 
after mixing the reagents correspondii^ to region II, the purity of the blue color 
diminishes to a pastel or almost grey shade; the angle of complete polarization 
shifts from 0 = 90° to larger, i.e., backward, angles; the degree of polarization at 
6 — 90° decreases from the initial value of 100 per cent, and the symmetrical 
(1 + cos* $) distribution of the intensity of the scattered light passes over to a 
pattern which corresponds to greater scattering in the forward than in the reverse 
directions to the incident beam. 
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The optical effects appearing in region II are now also well understood. The 
droplets of sulfur have exceeded the limit r = X/10 corresponding for greeiAight 
to r > 0.06 /i, with the result that the Rayleigh limiting law is no longer^valid 
and must be replaced by the more general solution first obtained by Mie. 



oc 


Fig. 1 . Moiiodispersc colloids. A, yellow transmission ; B, red transmission ; C, magenta 
transmission; D, blue transmission; E, green transmission; F, magenta transmission; 
G, blue transmission. 

The properties of degree of polarization and angle of maximum polarization 
of white light have been utilized by us as a quantitative measure of the growth 
of the particle radius. These criteria, however, suffer from the restriction that 
they are useful only for the range r 0.05 to 0.2 /x in the most favorable cases of 
relative refractive index and spherical character of the particles. The changes 
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in the above properties can also be correlated with the decrease in the value of 
2 /, the exponent of r/X in the empirical scattering law. In the region just des- 
cribed y decreases from 4 to about 3. As will be developed in more detail later, 
the value of the exponent y can be used as a convenient measure of particle size 
by determining its value from transmission measurements. 

HIGHER-ORDER TYNDALL SPECTRA 

Fortunately, when some of the above properties lose their size-sensitive or 
monotonic character, a new factor enters which furnished an even better measure 
of particle size. The higher-order Tyndall spectra first make their appearance 
for the given concentration of acid and thiosulfate after a lapse of about 2 hr. 
following mixing, at which time the droplet radius is approximately 0.2 cor- 
responding to a value of a = 27rr/X 2.5 (region III). 

At this point a red band appears in the scattered light which becomes more 
sharply distributed in angle and more distinctive in color with the progress of 
time. The angle 6 characterizing the maximum intensity of the red band also 
changes with time in a highly reproducible manner, as described previously 
( 5 , 10 ). 

Soon after the appearance of the first band a second band appears; thereafter 
alternating green and red bands make their respective appearances in a sur- 
prisingly reproducible manner, in respect to angle, color quality, and time, until 
at least nine such superimposed spectral orders can be detected by the naked 
eye.^ The growth of the droplets may be stopped at any arbitrary time or size 
by adding 60-70 per cent of the stoichiometric amount of iodine (plus potassium 
iodide), based upon the initial concentration of thiosulfate. The sol is then 
stabilized. 

The most important feature is that the investigator can now mix stabilized 
sols of different but uniform sizes in arbitrary proportions, thereby preparing 
at will a polydisperse system of any desired mean size and arbitrary distribution 
about the mean. 

The purity of the spectral colors to the naked eye furnishes a trained observer 
with a ready qualitative estimate of the degree of monodispersity, while the 
number of spectral orders gives a ready rough measure of the size. In the size 

* The visual counting of spectral orders can be made easier if the transversely scattered 
beam is observed through a polaroid oriented to pass the component whose electric vector is 
vertical to the plane defining the direction of incident and observed light. In the notation 
of Krishnan we observe the angular position and intensity of the component Fu, the sub- 
script indicating that the incident light is unpolarized. The angle of maximum red in- 
tensity can be determined to ±1® if red and green filters arc employed and the intensity 
ratio /r*d//*r 0 en (5) for Vu is plotted against the angle 9. 

Polarized monochromatic incident light extending into the ultraviolet can. of course be 
used in connection with photoelectric receptors (A. 8. Kenyon and V. K. La Mer, in press). 
However, the contrast between the alternating red and green intensities to which the eye is 
most sensitive and which is obtained with white incident light makes this simpler method 
quite satisfactory for many purposes and eliminates the need for more elaborate equipment. 
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range in which the orders occur, brilliant colors imply a strictly monodisperse 
character, while pastel shades indicate less monodisperse distributions. Opales- 
cence is a mark of polydispersity. 

These impressions of size and distribution can be made less subjective and 
more quantitative by measuring with color filters, /r.d//Kr(on, the ratio of the 
intensities of the red to green scattered light, and plotting the results as a func- 
tion of angle (5). By studying the depolarization of incident polarized light 
in the manner developed by Krishnan (6, lO) further information regarding 
shape and optical anisotropy of the particles and their distribution can be gained. 
Such studies are now in progress in the Columbia University Laboratories. 

The angular positions of these spectra have been calibrated (5) in terms of 
their radii, from computations based upon the extensive tables now available for 
the complex functions that appear in the equations of the Mie theory. The Mie 
equations (5, ecpiation 2) give a general and rigorous solution of the problem 
of the scattering of light by isotropic spheres of any size and of any index of 
refraction (real or complex). This calibration has been made in terms of (a) 
depolarization at 90°; (b) the angle (5) of the maximum red intensity of the 
higher-order Tyndall spectra; (c) the transmitted light as a function of wave 
length (1, 2, 8) ; and (d) rate of sedimentation and Stokes’ law (5) as an inde- 
pendent check, in the case of larger particles. 

QT'.\NTITAT1VE MEASURE OF MONODISPEHSITY 

Although many investigators claim that the colloids which they have prepared 
are monodisperse, an application of the criterion of higher-order Tyndall spectra 
shows that their preparations are in reality somewhat polydispcnse. The follow- 
ing experiment (5) will show the discriminating character of the higher-order 
Tyndall spectra. 

A very dilute mixture of hydrochloric acid and thiosulfate was divided into 
aliquot portions A and IL AVhen the particles in A had reached a size r = 
0.4()7 IX the sol was stabilized by addition of iodine; 20 min. later sol H was 
stabilized. The calibration curve indicated that for B r = 0.470 g, an increase 
of 2 per cent. Hoi A exhibited six red orders with an order of maximum intensity 
at 6 — 130°. Sol B exhibited six and one-half orders with a distinct green band 
of maximum intensity at 6 = 134°. The addition of JO per cent of A to 90 per 
cent of B reduced the intensity of the red band. When e(iiial parts of A and B 
w^ere mixed the red and green bands were annulled and an essentially wdiite color 
prevailed, as indicated by the ratio /rcd//gr<en ^ 1* In other \vords, by mixing 
two sols w hose particles differed only 2 per cent in radius, our new^ criterion of 
rnonodispersity was obliterated. No wonder these higher-order scattering 
spectra have not been previously observed. 

TOANSMISSION AS FUNCTION OF W^\VE LENGTH 

An alternate optical method of determining particle ratlins r consists in meas- 
uring the transmission as a function of wave length through a (column of the sol 
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of given length I and number of particles n. The transmission T, I being trans- 
mitted intensity and h incident intensity, is given by the e:q)res 3 ion (1, 8); 


/o 


( 3 ) 


Here Kg is a function of r/X, and m is calculable from the Mie theory for a given 
value of the relative refractive index m. S is the scattering cross section* K 
was introduced by Stratton and Houghton (18) for the purpose of calculating 
the transmission of light through fogs. Their artificial fogs and mists, however, 
were so non-uniform in particle size that only a very rough indication of the size 
could be obtained with equation 3, a restriction which has since been surmounted 
by the use of monodisperse aerosols^ or monodisperse sulfur hydrosols (1). 

In our practice, the function Kg is plotted as ordinate against a — 27rr/\ as 
abscissa, both on a logarithmic scale. The measured In ///o curve for a sol of 
given radius r is then plotted on the same graph, using log 1/X as ordinate. The 
value of r can then be calculated from the transposition along the abscissa which 
is necessary to fit the characteristic maxima or minima of the measurtnl curve 
with the theoretical Kg curve, equation 4. 

log Kg + log In T/h = log -f log n + log tr I (4) 


The transmission method of determining r has the important practical ad- 
vantage over the angles of the higher-order Tyndall spectra that it- is not 
restricted to strictly monodisperse sols. Transmission will work (piite satis- 
factorily for moderately polydispersc sols when the angle method is no longer 
applicable. With a moderately polydisperse sol the characteristic maxima and 
minima of transmission are of course less pronoimced, but nevertheless a compari- 
son can generally be made. This r so obtained is a mean value weighted opti- 
cally and dependent upon the form of the distribution of particle size and the 
scattering law for the particular range of particle size. 

Table 1 gives a summary of some recent results (1) of angle scattering and 
transmission performed upon aliquots of the same sol. Column I gives the 
elapsed time after mixing. C’olumn 2 gives the number of orders, observed 
visually, with their respective angles, ^i, ^ 2 , . . . in column 3, again observed 
visually without the aid of color filters. Column 4 gives the radius as computed 
from a calibration curve based upon the Mie theory and sedimentation, and 
column 6 gives the radius as computed from the observed minimum in the 
transmission curve as outlined above. 

The radii are not always exactly proportional to the elapsed time after mixing. 
This is not surprising, since the data are assembled from the results of different 
observers, who used solutions of different origin and history as well as slightly 
different initial concentrations of reactants and temperatures.* 


*La Mer, V. K., Sinclair, D., and Hochberg, S.: Unpublished OSRD reports, 1941 
and 1942. 

* The time of appearance of the Tyndall beam is very sensitive to the concentration of 
thiosulfate and less sensitive to the concentration of acid. Time of appearance inversely 
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A reproducible dependence of size upon elapsed time after mixing is predicated 
upon the assumption that the phase change from a homogeneous to a hetero- 
geneous reaction is brought about by the appearance of exactly the same numlwr 
of nuclei of the same size. The available evidence indicates that the kinetics 
of this phase transition is one of self-nucleation, produced by spontaneous local 

TABLE 1 


Determination of radius from angular position of orders (#i, Si . . . etc.) and from the wave- 
length minimum of transmission curve 


ELAPSED TIICE APTCl 
MIXING 

OSDEEK 

ANGLES 

f (angles) 

r (teansmis- 
hion) 


01, B$t $4 

minutes 

180 

4 

51, 81, no, 146 

0.323 

0.307 

180 

4 

51, 78, 112, 147 

0.323 

0.310 

208 

4 

45, 82, 120, 151 

0.352 

0.35 

208 

4 

47, 76, 110, 152 

0.345 

0 34 

322 

5 

51, 71, 119, 149, 176 

0.33 

0.35 

322 

5 

43, 73, 97, 121, 155 

0.38 

0.39 

328 

6 

37, 57, 76, 106, 132, 160 

0.41 

0.38 

fi02 

i 

6 

41, 56 , 81, 100, 130, 159 

0.39 

0.39 

502 1 

6 

36, 55, 80, 105, 131, 161 

1 

0.43 i 

0.41 

510 

7 

36, 50, 70, 92, 115, 140, 165 

0.45 

0.45 

722 

i 8 

30, 47, 56, 72, 87, 103, 126, 147 

0.49 

0.51 

840 

8 

28, 43, 55, 77, 96, 110, 131, 150 

0.51 

0.53 

849 

7 

32, 46, 60, 78, 100, 119, 146 

0.49 

0.52 

904 

8 

31, 47 , 62, 81, 96, 120, 145, 168 

0.49 

0.49 


f 


fluctuations of molecularly dispersed sulfur from the average conditions o, 
uniform density. The transition occurs at a critical degree of supersaturation 
which is again surprisingly reproducible for a given set of conditions. It cor- 

proportional to is a good working formula iii the range 0.0005-0.0015 M of 

reactants. The speed of the homogeneous reaction is also approximately doubled for each 
15® rise in temperature. The nucleation process and the subsequent growth of the particles 
are sensitive to the viscosity and the ionic strength of the medium. The rate of the ho- 
mogeneous reaction as measured by the time of appearance of the Tyndall beam exhibits a 
positive Br0n6ted primary kinetic sal t effect, indicating a kinetic reaction between ions of the 
same sign (experiments of Miss Ethel Zaiser). Exact agreement between elapsed time and 
radii can therefore be expected only for identical solutions under identical conditions. The 
surprising fact is that the data in table 1 show reproducibility with respect to elapsed time 
in the hands of different investigators. 



72 


VICTOE K. lA MBB 


responds to a constant value of In I/h equivalent to a concentration of molecu- 
larly dispersed sulfur of approximately 5 X 10“ * moles per liter. The number of 
particles n present may also be computed from equation 4 by shifting the ordin- 
ates of the experimental In I/U curve to make the absolute values of charac- 
teristic points on the K curve coincide. 

The results of these calculations show that although reasonably constant, the 
character of the process does actually vary somewhat, but the number of particles 
involved is always nearly 10® per cubic centimeter. Apparently there are other 
factors, such as the presence of foreign disturbing nuclei, which we have not as 
yet been able to eliminate completely in our techniques. The agreement between 
the values of columns 4 and 5 is an over-all raea.sure of the accuracy with which 
an observer can determine the minimum in the transmission curve, an<l the 
calibration of the angular scattering in terms of Mie’s theory and sedimentation 
(5). 


DEPENDENCE OP EXPONENT UPON r 

In figure 1 we have sketched the behavior of K, for transparent spheres of 
relative index t)f refraction (real) equal to J.5, plotted against a — (».28r/X, the 
dimensionless variable occurring in all forms of the theory. The course of 
K, calcvilated for single spheres is not as smooth as is indicated in figure 1 (com- 
pare figure I in reference 2). The mathematically computed curve shows some 
waviness and several secondary maxima in the first principal maxima in the 
neighborhood of a = 4. Since all preparations usually encountered in the 
laboratory will exhibit some slight distribution of particle size about, the mean, 
these oscillating minor effects will be smoothed out in practice. The lower curve 
gives the smoothed approximate course of y, the exponent of r/X in equation 
2, as a function of a. Here particularly no attempt has been made to reproduce 
the oscillatory character of y, which would be obtained by taking finite difference 
coefficients for the computed points of K,. The computed points are not suf- 
ficiently close together to make such differential coefficients reliable. They 
M'ould have no .significance in comparison with experimental data. 

If the scattered light is orange (X = 0.628 a), the scale for the radius becomes 
exactly o/lO. For other wave lengths X it is related by the factor (0.628/X). 
The a values corresponding to the spectral orders which appear in region III 
are indicated on the graph. In region IV (a >6), the investigator must rely 
upon the form of the transmission curve for the measure of r. It is interesting 
to point out that the maximum occurs at a cy 4 and K, od 4.2. This means that a , 
spherical droplet of radius 0.33 a will scatter 4.2 times as much green light, to 
which the eye is most sensitive, as one would expect from an elementary applica- 
tion of geometric optics using the geometric area of the droplet as the inter- 
cepting area. However, since a disc of area vr* also diffracts from its edge an 
amount of light, within a very small angle, which is again proportional to xr®, the 
actual amount of light by which a large intercepting sphere or disc reduces the 
transmission, as ordinarily measured, is equal to 2xr* and not xr*. The limiting 
value of AT, as r — ♦ is consequently S and not 1. This unexpected finding was 
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encountered experimentally early in the work on aerosols. The total amount of 
light scattered, obtained by integrating the measured angular values over the 
surface of a sphere, was actually one-half the value obtained from transmission 
on the same preparation (13, 14). This paradox (15, 18) was clarified by the 
investigations of Brillouin (4) and Sinclair (13, 17). Unaware of Brillouin's 
work, van de Hulst (19) has since reached substantially the same conclusions. 

Along the curve of figure 1 the quality of the color of the light transmitted 
by a monodisperse colloid of the size indicated when = 1 .5 has been shown. 
From equation 2 we sec that (a In AVd In X)r = —y and {din K/dlnr) = (y + 2). 
Rough values of y as a function of a are sketched in the lower curve. When 
blue light is transmitted, equation 2 takes the form 

1 = kr^ (X/r)'-" 

i.e., the usual relation between X and r is inverted. 

A maximum in the K curve corresponds to a magenta-colored transmission 
arising from the greater scattering of green as compared to red and blue light. 
Since the eye is most sensitive to green, a particle radius corresponding to this 
maximum gives the maximum visual obscuration. 

These optical findings were employed in controlling and improving the (quality 
of the smokc' emitted by the vapor condensation type of screening smoke genera- 
tors invented by Irving Langmuir and Vincent Schaefer of the (reneral Electric 
Company. These generators were manufactured by the Standard Oil, Servel, 
and Besler (‘ompanies for the Army and Navy. A combustion-type generator 
developed by Mr. John Hession, Jr., of the Columbia University group and 
manufactured by York-Shipley for the Navy was controlled by the same prin- 
ciples (3, 13). 


TOXICITY OF AEROSOLS AND PARTICLE SIZE 

In the fall of 1943 the Central Aerosol Laboratory at Columbia University was 
asked to investigate, in cooperation with Mr. Randall Latta of the U. S. Depart- 
ment of Agriculture, the effect of particle size \ipon the toxicity of DDT aerosols 
to malaria-bearing mosquitoes. Previous attemj)ts to determine the relation 
by using aerosols prcxluced b^^ the Freon insecticide bomb were not decisive, 
since the aerosols produced by that device not only exhibited a wide distribution 
of particle sizes, but the distribution and its mean value varied with the elapsed 
time following the opening of the valve. It was also thought that the screening 
smoke generators then being developed by the Columbia University group might 
be used for the large-scale dispersal of DDT. 

An investigation (9) of the effect of particle size upon toxicity of DDT aerosols 
to mosquitoes using the La Mer-Sinclair laboratory-type generator for the 
preparation of monodisperse aerosols showed that none of the screening smoke 
generators were suitable without fundamental modifications in their principles of 
operation. 

DDT is a contact poison, and the effectiveness of such aerosols is determined 
by the extent of their deposition upon the insect. In the case of a static atmo- 
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sphere (9) the toxicity (deposition) depended upon the rate of fall of the droplets 
upon the resting drosophila or mosquitoes. Thus, when the toxicity product 
(i.e., the product of c, the amount of DDT in the aerosol, times the median time 
of exposure, Ua, necessary to kill 50 per cent of the population of female Aedes 
aegypti mosquitoes resting in cages) was plotted against the radii of ilie homo- 
geneous aerosol particles, whose size was determined and controlled by the optical 
methods given above, the data fell, for a logarithmic plot, upon a line with a 
dope of —2; i.e.. 


log CUo = — 2 log r -f const. 
CUo = constant/r* 


In other words, the toxicity was controlled by Stokes’s law of fall fw droplets 
between r = 0.3 to 5 (posidbly 8) microns. The deposition at r = 5 microns was 
(6/0.3)* = 26/0.09 = 270-fold greater than for 0.3 micron, the particle size 
produced by the screening smoke generators available at that time. There was 
evidence that above a radius of 8 microns the toxicity no longer increased with 
increasing radius. 

These experiments were extended (14) to include a study of the effect of wind 
velocity. DDT aerosols, again of very uniform particle radius, were generated 
at the entrance to a wind tunnel 1 sq. ft. in area and 30 ft. long. The aerosols 
impinged upon mosquitoes, located in cages in the tunnel, at calibrated wind 
velocities of 2, 4, 8, and 16 miles per hour. The law of deposition, as judged by 
the toxicity to populations of mosquitoes, proved to be 

1(^ M = A; log (D*y) -f const. (9) 


Here M = mg. of aerosol (or DDT) per square foot necessary to kill 50 per cent 
of the females, D = diameter of oil aerosol particles, and V = wind velocity in 
miles per hour. In the range of D*V = 2 to 200 microns* miles hour”*, which 
corresponds to 300 to 1 mg. of DDT per square foot, the data conform to equation 
9 with a slope of k = — 1 (exactly). 

As D*F is increased, M continues to decrease but at a less rapid rate, k now 
decreasing continuously from —1 to zero. For the range D*F = 800 to 7000, k 
is zero, indicating complete independence of M upon D*F. This behavior was 
interpreted as indicating that a saturation of deposition in respect to size and 
wind velocity has been achieved and that the M value necessary for 50 per cent 
kill is constant at 8 mg. DDT per square foot. These wind tunnel results furnish 
a confirmation of the earlier experiments performed on an ^most static atmos- 
phere. Thus for a wind velocity of 4 mi./hr. the minimum value of the diameter 
for 60 per cent kill is given by the critical value of D*F = 800, i.e. 


D* 


800 microns* miles hour~* 
4 miles hour~‘ 


= 200 microns 


or D = 14, corresponding to a radius of 7 microns. If the wind velocity is 2 
mi./hr., a 10-micron radius is needed. For an 8 mi./hr. wind (a maximum 
practical value) a 3.5-raicron radius will suffice to give the same percentage kill. 
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Since the particle size produced by the then existing screening smoke genera- 
tors, operating under the Langmuir-Schaefer principle (Esso, Servel, and Besler) 
or under the Hession combustion-type principle (Hession-York and Todd 
Shipyard) , could not easily be increased over 1 micron , and since the temperatures 
at which these generators operated were sufficient to decompose DDT, a new 
type of insecticidal aerosol generator was developed in the Columbia University 
Laboratories by Dr. Seymore Hochberg and the writer. This generator produces 
aerosols of fairly uniform and controllable particle size of mass median diameter 
of 2-40 microns or even larger, at low temperatures (350-500T.). Significant 
thermal destruction of DDT or other more thermally sensitive insecticides or 
plant hormones is thus prevented. 

In the Langmuir-Schaefer type of screening smoke generator all of the high- 
boiling oil is evaporated at approximately 900®F. and low pressure. The vapor 
is then chilled by passage through tubes to produce an aerosol of 0.2-0.5 micTons 
radius. On the other hand, in Hochberg ’s insecticidal aerosol generator the 
rapid expansion and the grinding action of superheated steam disperses entrained 
droplets of oil, insecticidal liquids, or dispersed solid particles by passing the 
mixture through a capillary, annulus, or slit passage whose length need only be 
several times or more that of the diameter of the capillary, i.e., of the distances 
l)etween the facing walls of the annulus or slit. Insecticidal generators operating 
upon this principle were used by the Armed Fences during World War II for 
insect control in the Unite<l States and overseas. 

SUMMAKY 

It is shown that the laws relating to the optical properties of scattering and 
transmission and the insecticidal (deposition) properties of aerosols and hydrosols 
may be determined in an unambiguous fashion by employing strictly raonodis- 
perse preparations of controllable particle size. 
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Certain deviations from the equivalent conductivity^-concentration relation- 
ships which are characteristic of ordinary electrolytes in solution have been 
observed in the case of soaps (4) and dyestuffs (5), in that, as the concentration 
of such an electrolyte is increased, the equivalent conductivity passes through a 
minimum value followed by a sometimes sharp rise and finally by a slow decrease 
again. An electrolyte which shows this phenomenon is characterised by a 
tendency to form aggregates in solution at some fairly definite minimum con- 
centration, below which it exists in a state of ordinary ionic solution but above 
which it exhibits to an increasing extent the properties of a colloid. This 
concentration is designated as its critical concentration, and appears to coincide 
closely with the concentration of the initial minimum in the equivalent conductiv- 
ity curve. The increase in equivalent conductivity which accompanies the 
aggregation of the micelle-forming ion, as was pointed out by McBain many 
years ago, is due to an increased mobility of the micelle over that of the unag- 
gregated ion and results from the decreased viscous resistance encountered, per 
unit of charge, by the aggregate. Mobility measurements on the micellar ions 
have confirmed this hypothesis. The final decrease in equivalent conductivity 
occurs as the effects of increasing ionic strength ultimately overshadow the 
effects of the aggregation process. Substances which exhibit this property are 
heteropolar in composition, containing one residue in the molecule which has a 

^ Presented at the Twenty*first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 

* Paper No. 2352, Scientific Journal Series, Minnesota Agricultural Experiment Station. 
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low affinity for water and which is responsible for the tendency of the molecules 
(or the ions containing the non-polar residues) to aggregate. These substances 
act as colloid electrolytes only by virtue of their tendency to form aggregates from 
simpler ions in solution, and it may well be that their conductivity properties, 
as colloid electrolytes, are overshadowed by the changes which accompany the 
process of aggregation through which they become colloid electrolytes. In order 
to study the conductivity properties of colloid electrolytes, as such, it would 
appear to be desirable to investigate materials which are colloid electrolytes, not 
by virtue of an aggregation in solution, but which exist as colloid electrolytes even 
at the lowest possible concentrations to be employed and which do not have any 
obvious tendency to change in their degree of dispersion or aggregation with 
change in concentration. 

The potassium, sodium, and lithium salts of purified and electrodialyzed gum 
arabic (1) appear to be examples of such colloid electrolytes. While the mole- 
cules of the gum are not entirely homogeneous as to size or composition, they are 
nevertheless of colloidal dimensions, having a molecular weight of about 300,000 
zt: 50,000 (0) and an equivalent weight of about 1200 db 30 (1). The gum ap- 
pears to be predominantly hydrophilic in character, being soluble in all propor- 
tions in water; it is not surface active at a water- air interface (although it collects 
at a quartz-water interface) . Its solutions in water show true viscous flow up to 
high con<*ent rations, and it exhibits no tendency to form gels. On the basis of 
these evidences of a strong over-all affinity for water, it would seem probable 
that gurn arabic in water is molecular and that any tendency for it to aggregate 
in water solution would be negligible. 

This paper reports studies on the (conductivity and mobility properties of 
these salts of gum arabic. 

Figure 1 shows the equivalent conductivities (corrected for the conductivity 
of the water) of the potassium, sodium, and lithium salts of gum arabic in water 
at 25 °C. plotted against the equivalent concentration of the solutions. The 
conductometric data shown in graph form in this figure were obtained with the 
usual Wheatstone bridge arrangement, using a 1000-cycle a.c. source. The 
data are a re|)etition of conductometric data previously reported (1) for these 
colloid electrolytes, but correction has l)een made in the present instance for the 
condu(‘tivity due to the solvent. It will be noted that, through the concentra- 
tion range studied (0.00053 N to 0.042 N, corresponding toa weight concentration 
range of 0.625 g. to 50.0 g. per 1000 g. of water), no minimum in the curve is 
detected but there is an increase in the equivalent conductivity to a maximum 
followed by a slow decrease as the concentration increases. 

That the observed course of the equivalent conductivity- eoncentration curve 
cannot be explained by an increase in the mobility of the arabate ion is indicated 
by direct determinations of the mobility of the colloid. Tal)le 1 gives mobility 
data at 25°C. obtained on sodium arabate at pH 7.0 at various concentrations 
of the colloid electrolyte without and with the addition of various amounts of 
sodium cliloride. These data were obtained by the microelectrophoresis tech- 
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nique (2), uang quartz particles upon which the arabate was adsorbed. Figure 
2 shows a graph of these data in which the mobility is plotted against the log* 
arithm of ionic strength. Five additional points are included in figure 2 which 
were obtained with the Tiselius macroelectrophoresis method at 0.5“C. in acetate 



Fig. 1. Equivalent conductivitieB at varying equivalent conec^nt rat ions of the lithium, 
sodium , and potassium arabatcs. 


TABLE 1 


Mobilities of arabate ion in solutions of sodium arabate alone and in presence of added sodium 
chloride (determined by microelectrophoresis method) 
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buffer at pH 6.2 and at higher ionic strengths than those for most of the micro- 
electrophoresis data. (The values for these mobilities as shown in figure 2 have 
been recalculated to 26°C. upon the assumption that the mobility difference at 
these two temperatures would be a function only of the temperature differences 
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in the viscosity of the solvent.) These data show a smooth continuation of the 
data obtained by the microelectrophoresis method and serve to confirm the cor- 
rectness of the latter, even though in this case the gum was adsorbed on quartz 
particles. It is of interest to recognize that the effect of the ionic strength upon 
the mobility of sodium arabate is, within experimental error, the same whether 
it derives from added sodium chloride or from the sodium arabate itself, where 
it is assumed that the arabate ion, even though carrying a number of charges 
(200 or so per molecule), acts as a corresponding number of monovalent ions 
insofar as the contribution to the ionic strength is concerned. Apparently the 
point charges are so remote from each other in this colloid that they can act as 
monovalent chaiges in this respect. This is probably not the case with all 



Fig. 2. Mobility (cm.*/voU sec.) of sodium arabate at various ionic strengths (AT). 
Small circles refer to data obtained by microelectrophoresis method at pH 7.0 on solutions 
of sodium arabate without and with added sodium chloride. Double circles refer to data 
obtained by Tiselius electrophoresis method on solutions of sodium arabate in acetate buf- 
fers of pH 6.2. 

colloid electrolytes. Such a situation, however, is quite fortunate in the present 
instance, since it makes it more easily possible to observe relationships which 
are uncomplicated by the strong ionic strength effects of polyvalent ions. 

"VlTule these mobility observations have been made on the sodium salt, it has 
been found that there exist only insignificant differences between these values 
and those of the potassium or lithium salts at equivalent concentrations of 
colloid electrolyte. In the calculation which follows, it is assumed that the 
mobilities of the colloid ion are independent of the cation for these three cations. 

It is evident from the data in figure 2 that the mobility of the colloid ion de- 
creases continuously with increase in concentration of the colloid electrolyte and 
that the rise in equivalent conductivity illustrated in figure 1 cannot be explained 
on this basis. 
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The observed equivalent conductivity of the arabate salt in solution, Aobid. 
— “(^Ar + K), where a is the conductometric activity of the arabate salt, 
is the equivalent conductance of the arabate ion, and Xc is the equivalent con- 
ductance of the cation (lithium, potassium, or sodium in these experiments). 
Values for Xxr can be calculated from the measured mobility of the colloid, i.e., 
Xxr = wiF, where m is the mobility in cm.Vvolt sec. and F = 96,500 coulombs. 
Values for X* are not obtainable by direct measurement on the arabate salt but, 
since the contribution to the ionic strength of the cation of these salts is demon- 
strated to be so near to that contributed by any added chloride salt of the cation, 
it may be reasonably assumed that Xe is equal to that of the cation in the cor- 
responding chloride solution of an equivalent concentration. Such values of 
X« have been calculated from the equivalent conductivities, at 25°C., of potassium 

TABLE 2 

Mobility of arabate ioriy equivalent conductivihee of component ions and of the potassium, 
sodium, and lithium arabates, and the conductometric activities of these salts in aqueous 
solution at various concentrations at 25'^C, 
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chloride, sodium chloride, and lithium chloride as given in the International 
Critical Tables (3), using the relationship, for potassium chloride for example, 

Xk+ = -r~ ^ 

Akci. 

where Xk+ and Akci = the equivalent conductivities of potassium ion and of 
potassium chloride at the observed ionic strength, Xk* and Akci, = equivalent 
conductivities of potassium ion and potassium chloride at infinite dilution. 

Table 2 gives the values of the weight concentration of arabic salts (per 1000 g. 
of water), the equivalent concentration of arabic salts, the mobilities of the ara- 
bate ion at these equivalent concentrations, the observed values of ARAr. AN*Ar. 
and AiiAr. values of Xa,, Xr, Xn«, and X^, together with values of (Xa, -t- X« 
and the values of 

_ Aphri. 

** ^Ar + 

for each salt at each concentration of the colloid electrolyte. 
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Figure 3 illustrates the manner in which a changes with the equivalent con- 
centration of the colloid salts. The conductometric activities of the arabates 
are seen to increase with concentration and approach a limiting value of about 
75 per cent of theoretical at the higher colloid concentrations. The relationship 
is nearly independent of the identity of the cation (a slight lyotropic efiPect is 
evident). (There are included also in figure 3 several points calculated for a 
from conductivity measurements on sodium arabate in the presence of varying 
amounts of added sodium chloride. These solutions are those given in table 1. 
The equivalent concentrations plotted in this case are those of the sodium 
arabate alone. It is evident from these points, while they do not fall exactly 
on the curve for the other data, that the observed effect is a function of colloid 



Fig. 3. Variation in conductometric activity of arabate salts in solution with change in 
their equivalent concentrations. 

concentration alone and is independent of the total ionic concentration in the 
solution.) 

The relationships existing between the observed values of the equivalent con- 
ductivity of sodium arabate, Ibe calculated values of (in sodium 

chloride), the values of \xr (calculated from mobility of the colloid ion), of aX^a 
and of aXAr are shown in figure 4, where these values are plotted against the 
equivalent concentration of the colloid electrolyte. It is seen that A>raAr> which 
is equal to a(XAr + XNa)> increases with increase in concentration of the colloid 
electroljrte entirely because of the increase in the current-carrying capacity of the 
sodium gegenion as the concentration of colloid increases. After a concentration 
of about 30 g. of arabate per liter is reached, the gegenion reaches a limit in its 
capacity to carry current and the value of A^aAr then begins a slow decrease, due 
to the continued decrease in mobility of the colloid ion of the electrolyte. 

This increase in the current-carrying capacity of the gegenions with increased 
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ccmcentration of the colloid may be pictured as due to a decrease in the energy 
barrier which they must encounter as they leave the region of the colloid particle 



Fig. 4. Dluatrating the manner in which the equivalent conductivities of sodium arabate 
(AnaAt)) of the arabate ion (Xat), of sodium ion (Anb in sodium chloride), and the values 
of aXKa end otXAr change with the equivalent concentration of sodium arabate solutions. 



Fig. 5. Illustrating the manner in which the values of aXc for the lithium, sodium, and 
potassium arabates change with the cube root of their equivalent concentrations in solution, 

and move into the intermicellar regions of the liquid under the influence of the 
applied electric field. An adequate explanation of the effect has not yet been 
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arrived at. That it is not a simple volume effect (i.c., proportional to the volume 
of disperse phase) is indicated by the curvilinear relationship which the factor, 
aXc, shows against concentration, as illustrated in figure 4. A good linear rela- 
tionship is shown against the cube root of concentration, as is illustrated in figure 
5, where the values ofaXc for the potassium, sodium, and lithium gegenions are 
plotted against -^^onZ This would appear to indicate that the current-carry- 
ing capacity of the gegenions increases directly with one dimension of the volume 
of the colloid phase, i.e., is proportional to the average linear distance spanned 
in the solution by the colloid micelles. This relationship holds, in the case of 
these colloid electrolytes, up to a total colloid concentration of approximately 
30 g. per liter, above which there apparently exists no further possibility of 
reducing the resistance to their movement in the electric field. The equivalent 
conductivity of the gegenions at this concentration has reached only about 75 
per cent of that of the same ions when present as chlorides in solution at the 
same ionic strengths. This may mean that only about 75 per cent of the poten- 
tial gegenions exist in that region of the micelle where they are free to move 
independently of the motion of the colloid ion, i.e., in the region of the solvent 
in the double layer which is not carried along by the colloid ion. 

In any case, it must be recognized that the equivalent conductivity-concentra- 
tion relationships which exist for the^ colloid electrolytes, while somewhat 
similar in appearance to those which have \)een observed for agglomerating 
colloid electrolytes such as the dyes and soaps, require a different explanation 
than that based upon an increased mobility, due to agglomeration, of the ions 
giving rise to the colloid component. 
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Detergent solutions exhibit a striking characteristic when quantitative data 
on their physical properties are plotted against concentration. Figure 1 illus- 
trates this for sodium dodecyl sulfate, the data for conductivity (8), surface and 
interfacial tension (15), osmotic pressure (7), density (6), and high-frequency 
conductivity (17) being taken from the literature and the detergency curve 
from our own work, to be discussed later. Each curve shows a break, an in- 
flection, occurring within a narrow concentration band lying between 0.18 per 
cent and 0.25 per cent (0.063-0.083 M). The dodecyl sulfate is not unique 
with respect to these inflections. Extensive data show that each detergent is 
characterized by a concentration band within which some far-reaching altera- 
tion must be taking place, and there are ample grounds for believing that the 
critical phenomenon here occiurring is the beginning of large-scale colloid forma- 
tion. Recognition of this fact is fundamental to an understanding of detergency 
phenomena. 

Washing a bundle of soiled clothes is a complex operation in which many 
factors are involved. Low surface tension, low interfacial tension, low contact 
angles, and high wetting, spreading, dispersing, suspending, and emulsifying 
power have all been recognized as factors. So, also, is the actual solubilization 
of certain soils by detergents. But what unifying element is there in the whole 
picture? 

The unifying element is the architecture of the detergentr molecule or ion, 
which is in all cases characterized both by great length and by a dual hydro- 
philic-hydrophobic nature. The typical pattern is that of soap, consisting of a 
long hydrocarbon chain, at the end of which is a water-soluble, polar group. 
When particles such as this are inserted in water, water molecules are pushed 
apart, an interface between water and hydrocarbon chain is created, and free 
energy is therefore stored up in the interface. The free energy of the system 
can be reduced by expelling the detergent particle in either of two \\ays. 

First, the particles may be expelled to the surface and concentrate there in 
an oriented layer, polar groups directed downward into water and non-polar 
hydrocarbon chains sticking upward into the air. Such an adsorbed surface 
layer means lowered surface tension, in accordance with the Gibbs law. The 
stronger the hydrophilic character of the polar end and the hydrophobic character 
of the non-polar end, the stronger will be the thermodynamic compulsion to 
surface activity. Going a step farther we may use the concepts of a ‘'center of 
polarity,^' a “center of non-polarity,^^ and a “polar-non-polar moment.^’ A 

^ Presented at the Twenty-first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, J une 18-20, 1947. 
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certain distance separates the centers of polarity and non-polarity, and the 
farther apart these centers arc the greater the moment which orients the par- 
ticles in the surface and therefore the more complete the orientation. 

Secondly, the thermodynamic urge toward a reduction of free surface energy 
may also be satisfied by a partial expulsion of the detergent particles from the 
water system by coalescence of the crystalloidally dissolved particles into col- 


CRIT, 



Fig, 1. Physical property curves for sodium dodecyl sulfate. Temperature = 25-38°C. 

loidal aggregates. One such crystalloidal particle inserted into water creates 
an interface of area A and of surface tension 7 , possessing a definite amount of 
free surface energy, 7 . 4 . Two such particles independently would create twice 
as much interface and twice as much free surface energy. But if these two 
particles were to coalesce, hydrocarbon tails intertwined or dissolved in one 
another, the interfacial area would be less than 2A and the free surface energy 
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would be less than 2yA . If fifty such crystalloidal particles were to coalesce 
into one large micelle, the reduction in surface energy would be large. 

Surface activity and tendency to form colloidal micelles are thus two different 
manifestations of the same fundamental character possessed by all detergents 
because of their chemical and spatial constitution. 

It is unlikely that the adsorbed surface layers or the colloidal aggregates 
(at least in dilute solutions) are made up of molecules in the case of either the 
anionic or the cationic detergents, since such detergents are ionized like other 
strong electrolytes. The ions are the surface-active, micelle-forming constitu- 
ents at low concentrations, the micelles being formed only when the reduction 
in free energy resulting from coalescence outweighs the electrostatic repulsion 
which ions of like charge have for one another. 

In addition to ionizing and forming colloid, soaps hydrolyze to form free fatty 
acid or acid soap, but we can for good reasons, if perhaps hastily, dismiss these 
hydrolysis products from consideration as active washing constituents. On the 
one hand, adding acid to soap produces free fatty acid or acid soap but does not 
increase washing power, and on the other hand, adding alkali to soap represses 
hydrolysis without destroying washing power. Furthermore, synthetic deter- 
gents such as the alkyl sulfates and sulfonates cleanse well and yet do not hy- 
drolyze at all under normal laundry conditions. The theory that soap solutions 
cleanse because of their hydrolysis alkalinity was discredited long ago. 

The role of colloidal aggregales in the washing process cannot l)e treated so 
casually, for it is obvious that tendency to form colloid is common to all good 
detergents. All workers in this field now agree that the first sharp downward 
inflection in the equivalent conductivity curve (figure 1) marks the beginning of 
colloid formation on a large scale, and the concentration at which this occurs 
is commonly called the ‘‘critical concentration of micelle formation.*^ 

There has been much controversy as to the nature of the colloidal particles. 
Hartley (5), for example, postulates the simplest possible micelle (figure 2) in 
dilute solution, roughly spherical in shape, two ion-lengths in diameter, made 
up of long-chain ions arranged with their polar heads turned outward, in contact 
with water, and their long chains constituting the hydrocarbon interior, and 
surrounded by a Coulomb cloud of gegenions in variable number. McBain (9), 
on the other hand, insists upon the existence of two distinct kinds of micelle, 
the (small) ionic and the (large) neutral or lamellar type (figure 2). 

The existence of lamellar micelles at high soap concentrations (5 per cent or 
higher) is indicated by x-ray data,* but there is no direct evidence as to the shape 
and structure of the micelles in dilute solutions of laundry strength, i.e., of the 
order of a few tenths of 1 per cent concentration. For presemt purposes, how- 
ever, the important point is that no micellar structure has yet been postulated 
which has a long polar-non-polar configuration with centers of polarity and non- 
polarity separated by great distances, and this configuration being lacking, one 

« X-ray work on soap solutions is becoming extensive. See references cited by McBain 
(9) and more recent work by McBain ei al, (10) and by Harkins el aL (4). 
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would not, o priori, expect the micelles to be surface active or to contribute to 
the washing process by virtue of surface activity. 

This last statement requires further comment, for the micelles do solubilize 
many forms of dirt by solution in their interior; furthermore, they may act as a 
reservoir to restore the equilibrium when soap in true solution is destroyed or 
exhausted, as by acids or by heavy loads of dirty clothes. On these grounds 
probably rests whatever justification there was for the assertion which was 
popular some years ago that soaps wash “because of their colloidal properties,” 
despite the fact that innumerable other substances possess colloidal properties 
but are valueless in washing. 

Figure 3 illustrates qualitatively what occurs (exclusive of the results of hy- 
drolysis) on the basis of Hartley’s concept as the concentration of an anionic 
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Fio. 2. Two proposed structures of soap micelles 


deteigent in water is increased (14). At first only ions are present and these 
increase in direct proportion to the increase in total concentration. But soon 
micelles begin to appear,* first in small amounts, then in rapidly increasing 
amounts, and as they do so the rate of increase of the anions decreases to zero. 
The greater the number of ions which aggregate to form each unit micelle, the 
narrower the concentration band would be within which aggregation would 
occur and the larger the fraction of the detergent which would exist in aggregated 
form. Since some positively charged sodium ions attach themselves to or are 
constituent parts of the negatively charged micelle, the rise of the curve for 
sodium-ion concentration also becomes more gradual. The adherence of a con- 
siderable number of sodium ions to the micelle would necessitate mathematically, 

• McBain (9) believes that some few ionic micelles exist even at great dilutions and that 
the critical concentration of (lamellar) micelle formation is not. so sharply defined as in- 
dicated in the drawing. 
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according to the law of mass action, that eventually the anion curve should 
actually fall (5) . Sripport for this conclusion has recently been found in the work 
with pinacyanol, which has led Harkins and his associates (2) to suggest that 
when the critical concentration is reached, some of the previously existing crys- 
talloid transforms into micellar form. The existence of a maximum in the curve 
for the long-chain ion also affords the most satisfying explanation of the min- 
imum in the surface-tension cun’^e, as has been pointed out by both Alexander 
(1) and PowTiey and Addison (15), if the long-chain ion is in reality the surface- 
active species in the solution. 

For present purposes, the chief significance of figure 3 is that the concentra- 
tion of long-chain ions reaches its maximum at about the same concentration as 



Fig. 3. Effect of change in total concentration upon the concentration of ions and micelles 

that at which micelle formation becomes extensive. Possible correlation of tliis 
fact with detergency phenomena is interesting and is possible if we consider some 
results of washing artifically soiled cloth, the load of cloth being small so as not 
to affect greatly the concentration of free detergent in solution. Plotting white- 
ness of washed cloth against concentration of detergent, the typical curve (after 
an initial uncertain flat, due at least partially to adsorption on the cloth and 
the soil) rises to a maxunum and then flattens out; washing efficiency increases 
up to a certain point, a critical washing concentration, beyond which further 
additions of detergent have little effect. If we were to find experimentally 
that the break in the washing curve and the break in the curve for paraffin- 
chain ion vs. total concentration (figure 3) occur at the same concentration, 
we might postulate that the amount of washing increases as the amount of 
fatly ion increases, that when the one ceases to increase the other ceases to 
increase or that washing is proportional to the concentration of fatty anion. This 
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is of course but a short step from saying that washing is caused by the fatty anions, 
— that they are the active constituents of the solution with respect to washing 
just as they are with respect to surface activity and colloid formation. 

Figure 1 shows for one detergent at one temperature the band known as the 
critical concentration of micelle formation. For other detergents and at other 
temperatures the concentrations at which these inflections occur will be different, 
but from such curves these concentrations may be read off and then plotted as 
has been done in figure 4 for a homologous series of sodium alkyl sulfates. From 
such charts for the alkyl sulfates, the alkyl sulfonates, the soaps, etc., we can 
conclude that while in general the critical concentrations increase a little as the 
temperature is increased, yet this temperature effect is minor compared with the 



Fk;. 4, Breaks in physical property curves of alkyl sulfates. A, equivalent conductivi- 
ty; □ , viscosity; X, density; O, interfacial tension; 0» surface tension; detergency. 

effect of chain length. The longer the hydrocarbon chain, the lower the critical 
concentration. 

Figure 5 shows detergency results at 55°C. for the series of sodium alkyl sul- 
fates which were pictured in figure 4. White cotton muslin soiled with a lamp- 
black-vaseline mixture was washed in a launderometer with various concentra- 
tions of alkyl sulfate, and the whiteness of the resulting w ashed cloths was de- 
termined photometrically. The curves rise steeply and then break off at rather 
well-defined critical concentrations. The longer the chain, the lower the con- 
centration required to wash. When these critical w^ashing concentrations are 
inserted in figure 4 they fall, for each chain length, in the same concentration 
region within which the breaks in the other physical properties occur. This is 
true also of the detergency points obtained similarly for alkyl sulfates at 38 ®C. 

Figures 6, 7, 8, and 9 show a similar set of detergency curves at 71^^, 55°, 38°, 
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and 21 °C. for the sodium soaps from laurate to stearate. The whitraess grades 
here recorded have been corrected for the cleaning action of water and meohaH' 



Fig. 6. Detergency curves for alkyl sulfates at 66®C. 



Fig. 6. Detergency curves for sodium sonns at 71‘‘C. 


ical agitation alone, at the temperatures in question; i.e., zero on the whiteness 
scale represents the whiteness to which the cloth is washed in the absence of 
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Fio. 8. Detergency curves for sodium soaps ai 38°C. 

as'shown in figure 7. The break in the stearate curve is here less sharp, but the 
positions of the other curves are relatively unchanged. 

The temperature effect is more marked when the temperature falls to 38®C., 
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as in figure 8. None of the soaps wash as white as at 55° or 71°C., but both 
palmitate and stearate are obviously too poor for practical usefulness at 38°C^ 

Stearate was so poor as to be excluded from the set at 21 °C. (figure 9). Even 
myristate is now below par. Only laurate remains good at this temperature. 

For present purposes, however, we are not so much concerned with the effect 
of temperature on maximum whiteness as with the critical phenomena which 
are apparent in these curves. For any one of these soaps,^ the break in the 
detergency curve and the inflections in conductivity, pH, density, interfacial 
tension, etc., all occur at roughly the same point, and if the one set of breaks is to 
be attributed to colloid formation it is reasonable to attribute the other set to the 
same cause. 



Fig. 9. Detergency curves for sodium soaps at 21°C. 

Curves of this kind for sodium and potassium soaps and for sodium alkyl sul- 
fates and sulfonates all show that if we consider only the length of the hydrocar- 
bon chain (thus excluding the — COONa group of soap) we can plot critical 
washing concentration against the number of carbon atoms (as in figure 10) 
with the interesting result that the points for all four detergents fall close to a 
smooth curve, as if differences in the polar heads ( — C/00'~, — S 04 ~, and - 'SOg””) 
have slight effect, compared with chain length. The apparent deviation of the 
points for palmitate and stearate from the curve may be attributed to destruc- 
tion of soap by the extensive hydrolysis which occurs at these great dilutions, the 
degree of hydrolysis being greater for the palmitate and stearate than for the 
laurate and myristate. 

A comparison of the curves in figures 6 to 9 shows that as the temperature 

* The oleate is intentionally omitted, since its critical concentration of micelle formation 
is not well established. 



COKRELATINO PRINCIPLES OF DETERGENT ACTION 


93 


falls there is not much change in the critical concentration. In this connection 
it is interesting to look at the solubility curves for the soaps, as shown in figure 
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NUMBER OF CARBONS IN HYDROCARBON CHAIN 

1*1G. 10. Correlation between eritical washing concentration and length of hydrocarbon 
chain. X, sodium alkyl sulfates; •, sodium alkyl sulfonates; O, sodium soaps; A, potas- 
sium soaps. 



CONCENTRATION. % 

Fig. 11. Solubility curves for sodium soaps, exclusive of hydrolysis products 

11. These curves, obtained in our own laboratory, are in fair agreement with 
those of Ekwall (3) and Stauff (18) except in the case of the laurate. After an 
initial break at a critical temperature, Tx, the curves appear to be nearly flat, 
but this is only because the abscissa scale is so expanded. In reality, all the 
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curves continue to rise. That for sodium palmitate, for example, rises to 70°C. 
at 25 per cent concentration before a second liquid phase (middle soap) begins 
to appear (16). 

While acid soap or free fatty acid from hydrolysis may precipitate to a small 
extent to the left of the steep portion of the solubility curve, it is not until we 
pass this curve going to the right that neutral soap crystals form. To the left of 
this line we have predominantly an ionic solution ; to the right of it we have an 
tonic solution containing in addition macroscopically visible neutral soap crys- 
ials. 

If, at a temperature below Tg, the concentration of fatty anions were plotted 
against total concentration of soap, we should expect to obtain, at least as a 
first approximation, a straight line rising at a 45° angle at first, and then breaking 
to a horizontal line at a concentration corresponding to the solubility limit of the 
soap. Having once reached the solubility limit, further additions of soap would 
not dissolve and therefore could not increase the concentration Oi anicms. Sim- 
ilarly if, for example, a hot 1 per cent solution of sodium myristate were cooled to 
30°C., only some 0.15 per cent would remain in solution; the remaining 0.85 per 
cent would precipitate. Thus the solubility of the soap should set a practical 
limit on washing, and as a result we should expect the critical washing concentra- 
tion to fall on the steep slope of the solubility curve. Experimentally, the agree- 
ment with this expectation is considered good on the whole, although the critical 
washing concentration of sodium laurate falls a little to the left of the solubility 
curve of figure 1 1 , while those for the other soaps lie somewhat to the right of 
their solubility curves. In the case of the .sulfonates, there is better agreement 
between washing concentrations and the solubility results obtained both by 
Tartar (19) and by ourselves. 

If we work at temperatures above 2'k, with increasing soap concentration we 
soon come to the invisible changes in the solution resulting from colloid for- 
mation, as previously discussed. Beyond this critical concentration of colloid 
formation, further additions of soap increase the amount of colloid but not ap- 
preciably that of the long-chain ions; hence the detergency curve should, and 
does, level off. The critical washing concentration and the critical concentra- 
tion of colloid formation should, according to our theory, coincide. Within 
reasonable limits of experimental error they do so, and they seem to fall not far 
from an upward extension of the steep slope of the solubility curve. The critical 
washing concentration is thus independent of whether the second phase w'bich 
separates from the solution is made up of colloidal aggregates or of macroscopic 
solid crystals. 

The theory predicts that the critical washing concentrations should fall along 
ABC of figure 12 for sodiiun soaps and sodium alkyl sulfonates. Potassium 
soaps and sodium alkyl sulfates are so extremely soluble that normal washing 
temperatures for them are always above Tg, so that in their case only the BC 
part of the curve is involved. The shaded band BC is so drawn in order to in- 
dicate that it is a band with ill-defined edges, and not a sharp line. The for- 
mation of colloid is only relatively sudden. 
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Ebiperimentaily, we find that the molar critical washing concentration is 
essentially the same for the sodium as for the potasrium soaps, and that the 
detergency curves for sodium, ammonium, magnesium, copper, and triethan- 
olamine alkyl sulfates all show breaks at about the same molar concentrations. 
The identity of the hydrocarbon chain is seemingly more important than the 
difference between sodium and the other cations. This would be surprising if 
the active washing constituent were either the molecule or a colloidal particle 
containing much cation, but it is not surprising on the basis of the concept here 
proposed, the concept of the importance of the long-chain ion which would of 
course be the same whether derived from a sodium salt or from any other salt. 

The hypothesis that the long-chain ion is the active constituent of detergent 
solutions is applicable to both anionic and cationic detergents. In the case of 



Fig. 12. Qualitative phase diagram for colloidal electrolytes 


the non-ionized tjTje, the molecule itself would be the active constituent. The 
importance of the concept should perhaps be stressed as a counterbalance to the 
emphasis which we are placing in this Symposium on the extremely interesting 
phenomenon of solubilization of hydrocarbons, dyes, etc., by the colloidal micelle. 
The two types of cleaning action should be considered as supplementarj' to one 
another. Solubilization, however, appears to begin at the critical concentration of 
colloid formation (11, 12, 13) and to be indujative of it. On the other hand, at 
this critical concentration washing power has practically attained its maximum. 
Wth further increments of deteigent, the total solubilization increiises, often 
almost linearly, whereas the detergency curve rises little, if af all . In fact, in many 
cases we have observed it to fall. This would seem to relegate solubilization to a 
minor r61e in the usual laundering processes. 

Supporting the concept here proposed are many washing tests and observations 
which we have not time to present. On the othe.r hand, there are some facts 
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which do not as yet seem to fit into the picture. Examples are the effect of 
alkaline salts in shifting the steep slope of the detergency curve of soap to the 
left, without affecting the horizontal portion of the cur\^e appreciably, and the 
effect of fatty acid amides (20) and higher alcohols (21) in shifting the steep slope 
of the alkyl sulfate curves to the left, while at the same time increasing markedly 
the whiteness to which soiled cloths can be washed at high concentrations. Cor- 
relation of critical washing phenomena with other critical phenomena has been 
poor with sodium oleate, perhaps because of the ill-defined breadth of the con- 
centration band over which it transforms into micellar form. But despite 
isolated pieces which have not. yet been fitted into the mosaic, so many pieces do 
fit that we may say that the mass of the evidence now available is favorable to 
the hypothesis. 


SUMMARY 

Detergency curves are given shoving the existence of a critical washing con- 
centration which is characteristic of each detergent and which coincides with its 
critical concentration of colloid formation. Detergent action, colloid formation, 
and surface activity are different manifestations of the same characteristic of the 
detergent. The long-chain ion is the active constituent in each manifestation. 
Colloid formation begins, and washing power and surface activity reach their 
maximum, at the concentration at which further, additions of detergent either 
(a) do not dissolve (at low temperature) or (b) dissolve to form colloid (at higher 
temperature), and thus in neither case is further increase in the numl>er of long- 
chain ions in the solution possible. The critical washing concentration is essen- 
tially a function of the length of the non-polar “tair^ of the detergent. Solubili- 
zation of foreign matter is a function of the colloidal micelle and plays a secondary 
role in the usual washing process. 
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As a result of numerous investigations, the phase rule has been found to be 
applicable to binary systems of soap and water (21) and of soap and a hydro- 
carbon (sodium stearate-<;etane) (4), and to a ternary system of sodium stearate- 
oetane-water (5). Numerous separate and distinct phases have been identified 
in these systems, and interest in them has been aroused owing to their importance 
in the technology of toilet and laundry soaps, lubricating greases, and cosmetic 
creams. No detailed attempts, however, have been made to elucidate the mol- 
ecular structures of these phases nor to relate the physical properties to the con- 
stitution of the phases. If such information wore available, it would be possible 
to pralict and specify the performance of systems whii^h have not yet been com- 
pletely investigated, and the technology of these materials would then be placed 
on a more scientific basis. 

It is true that the determination of the colloidal structure of these soap sys- 
tems — ranging as they do from cr^^stalline solids to isotropic solutions, from 
transparent elastic gels to hard wax-like solids, from emulsions to soft li(iuid- 
crystalline phases — is a difficult task. Experiments toward this end arc under 
way in these laboratories. However, there have already been presented in the 
literature sufficient experimental data on the diverse properties of these systems — 
viscosity, optical behavior, conductivity, vapor pressure, heats of transition, and 
specific volume — to make it possible to advance plausible structures for some of 
the observed phases which are in accord with all the experimental evidence now 
available. 

It is hoped that the following discussion will peimit deduction of the basic 
modes of interaction of soap molecules in systems containing other molecules, 
either polar or non-polar. 

' Presented at the Twenty-first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 



98 


TODD M. DOSCHER and ROBERT D. VOU) 


I. DESCRIPTION OF THE PHASES 

Brfore proceeding with the analysis of the colloidal structures, it would be well 
to summarize the chief characteristics of the various phases encountered in these 
systems. 


Anhydrous soap phases 

(2) Soap fibers or crystalline soap: The curd fiber phase is a hard, opaque, 
white solid which, if previously melted in a container, forms a cake impenetrable 
to a stirring rod. Between crossed polaroids this phase is dark. This is the 
common crystalline form of soaps and gives a three-dimensional x-ray pacing. 
Although fibers are usually present, in which the soap molecules are aligned 
perpendicular to the fiber axis (28), these fibers may often be submicroscopic. 
Recent work has shown that this so-called curd phase may consist of a number 
of diffei-ent crystalline species. The usual curd phase of sodium stearate is 
transformed into the supercurd at 89“C. with a heat of transition of 945 cal. 
per mole. 

(fi) Wax-type phases: The w'axy phases can be readily distinguished from the 
curd fiber phases. Waxy soap, stable betweoi 132° and 167°C., is considerably 
more translucent than the curd phase and individual structural units, fibers or 
crystals, are no longer visible in the microscope. Waxy soap is stiff, but suffi- 
ciently softer than the curd phase so that a glass rod may be pushed through a 
cake of it. Between crossed nicols in the polarizing microscope, waxy soap has a 
characteristic somewhat grainy, predominantly golden, slightly iridescent 
structure. Subw'axy soap, 117-132‘’C. is not readily distinguished from waxy 
soap by visual infection at the transition temperature. It is a somewhat 
darker, duller yellow between crossed nicols. Superwaxy soap is another wax- 
type phase, stable between 167° and 198°C., which is difficult to distinguish from 
waxy soap by visual inflection at the transition temperature. It is appreciably 
softer than the waxy phase, but does not flow readily in an inverted tube. Be- 
tween crossed nicols it has a coarser, through brighter and whiter-golden color. 
It is highly transparent and is predominantly the color of the transmitted light 
when viewed through the mikropolychromar. 

Calorimetric measurements have shown the heats of transition between these 
phases of sodium stearate to be as foUow's: supercurd-w'axy, 5180 cal. per mole; 
subwaxy-waxy, 4030 cal. per mole; and waxy-superwaxy less than 200 cal. per 
mole. Dilatometric measurements have also shown that the largest increase in 
f>ecific volume below 200°C. occurs at the supercurd-subw’axy transition. 

(3) Neat-type phases: At 205°C. superwaxy soap is transformed into subneat 
soap with a heat of transition of 1600 cal. per mole and a relatively large increase 
in specific volume. At a still higher temperature, the subneat phase is trans- 
formed into neat soap with an absorption of 1560 cal. per mole and a small in- 
crease in specific volume. The transition between superwaxy soap and subneat 
soap is readily obtained from microscfiic examination because of the marked 
increase in iridescence and translucence and decrease in rigidity. 

Both neat and subneat soaps are definitely liquid crystalline, and t3rpical, 
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multicolored, focal conic structures may be observed between crossed nicols. 
The neat soap is distinguished from subneat by the greater delineation of struc- 
tural units in the former. Conductivity measurem^ts indicate that neat soap 
behaves like a typical electrolyte shortly below its melting point, whereas subneat 
soap does not. Neat soap flows readily in lagre tubes and looks like a very soft, 
turbid gel. 



Fuj. 1 . Sodium stearate water 83^8 tern 


Aqt^eom soap phases 

The phase diagram for the sodium stearate-water systtm is reproduced in 
figure 1 (21). All the phases observed in anhydrous sodium stearate are shown to 
extend into the binary system to some extent. The boundaries of these phases 
have been further delineated in a recent investigation of the electrical con- 
ductivity of tJie sodium stearate-water system by Void and Heldman (33). In 
addition, at least two and possibly three new phases are observed in the sodium 
stearate-^ater system at temperatures above 100®C. and below 90 per cent soap. 

(I) Agueous middle soap: This phase is nearly transparent. It is highly 
doubly rrfracting, and large velvety focal conic sections may be observed between 
crossed nicols if the system is permitted to age for a sufficient length of time. 
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Middle soap is surprisingly stiff and does not flow in an inverted tube deq)ite 
vigorous pounding. 

(j?) Soapboiler’s neat soap: This phase is also doubly refracting and flows 
much more readily than aqueous middle soap in an inverted tube. Soapboiler’s 
neat soap is not as translucent as middle soap, and the focal conics and polariza- 
tion colors of this phase between crossed polaroids are considerably less pro- 
nounced than those of middle soap. Soapboiler’s neat soap coarsens on heating, 
and liquid-crystalline structures develop slowly displacing the predominantly 
coarse, golden structure observed at lower temperatures. It has been assumed 
that at suflSciently high temperatures, the soapboiler’s neat phase is transformed 
into supemeat soap before melting to isotropic liquid (see phase diagram). 



'However, no confirmatory evidence has yet been brought to bear on this point 
and there is a possibility that supemeat soap is the same phase as soapboiler’s 
neat but with a different texture. 

Cetane system phases 

Hie phase diagram for the sodium stearate-cetane system is presented in 
figure 2. 

(f) Non-aqueous middle soap: Only one phase, not already identified, was ob- 
served in the cetane system, non-aqueous middle soap. This phase is liquid 
crystalline and di^lays marked polarization colors between crossed nicols. 
Altiioug^ on long standing at a constant temperature smectic stmctures were 
observed, the microscopic appearance of this phase usually consists of iridescent. 
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coarse-grained, multihued patches. In lieu of sharp contours, the oriented or 
optically structured areas were distinguished by changes in the orientation of 
colored bands which transversed each area. This phase is comparatively soft and 
though it does not flow in an inverted tube, it will flow readily under the applica- 
tion of a small shearing force. 

(£) Superwaxy soap: The most prominent phase in the cetane system has been 
identified as superwaxy soap. At low temperatures in the polarizing microscope 
it has the typical golden translucence of anhydrous superwaxy soap. However, 
on raising the temperature, the texture of the phase appears to coarsen and it 
assumes a granular appearance. Although the over-all color is still golden, ex- 
tinction occurs over small regions and dark and light areas are perceived. At 
higher temperatures, slightly below the melting point, the structure is still 
coarser — marble-like (4). Focal conic sections and other optical structures are 
absent in superwaxy soap, although there is a slight development of polarization 
colors, particularly when thin sections of the system are being viewed. 

II. STRUCTURE OF THE PHASES IN THE CETANE SYSTEM 

Examination of the two binary diagrams shows that in both systems the 
anhydrous phases can incorporates only small amounts t)y weight of the second 
component before transforming into new phases. At soap concentrations less 
than 90-95 per cent, only two phases in addition to isotropic solution can exist at 
temperatures above lOO'^C., viz,, soapboiler’s neat soap (and possibly supemeat) 
and a<iueous middle soap in the aqueous system, and superwaxy soap and non- 
aqueous middle soap in the cetane system. The curd fiber eijuilibria are still 
present at lower temperatures in both systems. That this same type of behavior 
should be found on addition of cetane or water seems rather surprising, in view of 
the great difference in polarity of the two liquids. It has been possible to corre- 
late the obseiwed phase behavior in each case with postulated structures for the 
phases concerned. 


Curd fiber phases 

At low temperatures the cohesive forces between the sodium stearate molecules 
in the crystalline curd arc relatively unaffected by cetane and therefore it is only 
slightly soluble in this phase (4). As the temperature of the systems contain- 
ing more than 60 per cent soap is raised further, a new phase, superwaxy soap, is 
formed which is capable of incorporating within itself all the cetane that is present 
in the system. 


Superwaxy soap 

The formation of the various waxy phases has been attributed to progressive 
thermal disgregation along the length of the hydrocarbon tails of the soap 
molecules (30). This may indeed be considered to be a partial liquefaction of the 
soap molecules. Direct evidence for this hypothesis is shown by the much larger 
heat effects associated with the transitions to the waxy phases and the corre- 
spondence between chain length and the magnitude of the thermal effect at 
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jthese transitions. It is interesting to observe that the tenqperatures at which 
llarge amounts of cetane are incorporated into the soap lattice correspond to the 
{temperature range over which the interchain forces are overcome in sharpty 
defined steps in the anhydrous system. This correqrondence leads directly to 
!the concept that in superwaxy soap the cetane is held between the hydrocarbon 
‘tails the soap molecules. 

Some additional insight into the structure of superwaxy soap may be obtained 
by considering McBain and de Bretteville’s x-ray investigations of this phase of 
anhydrous sodium stearate (17). The subwaxy and waxy phases were found 
to yield diffraction patterns which were similar to the pattern for the curd phase, 
whereas superwaxy soap, in which the long “c sin /9” pacing decreased markedly 
and in which only one distinct short spacing is revealed, resembles the higher- 
temperature, liquid-crystalline phases. However, the increase in specific volume 
(29) at the waxy-superwaxy transition is very small, which requires that the 
molecules remain closely packed in superwaxy soap. On the assumption that 
the waxy phase is monoclinic and that in superwaxy soap the molecules are hex- 
i^onally packed, calculations based on McBain and de Bretteville’s dala show 
the ^ecific volumes of the two phases to be equal within experimental error. 
It is logical therefore to conclude that supenvaxy soap, in the anhydrous system, 
consists of clusters of hexagonally packed rows of double molecules in whi<’h 
the chains are rotaiing around their axe^s which are inclined at an angle to the 
basal planes. 

I The hydrocarbon tails in superwaxy soap therefore do have liquid-like char- 
acter, and accordingly may be expected to be mis<;iblc with non-polar liquids. 
There are several ways in which this miscibility may occur. First of all, the 
cetane may be solubilized, viz., enter between the ncm-polar terminals of the 
soap molecules (16). Secondly, the cetane may form sheets about the clusters 
1 of the hexagonally packed soap molecules in superwaxy soap. Finally, a cetane 
{molecule may replacn a sodium stearate molecule in the hexagonally packed 
[ lattice. 

The second possibility may be ruled out immediately Wause of the large 
quantity of cetane, between 40 and 50 per cent at 170°C., which may be in- 
corporated into the superwaxy phase. If the cetane did form sheets about the 
clusters, a much smaller percentage of cetane would give rise to a colloidal 
suspension rather than a homogeneous phase. Solubilization of the cetane 
between the ends of the non-polar tails of the soap molecule must also be ruled 
out, since in aqueous solutions a molecule as big as cetane is only slightly solubi- 
lized (19). Further, in a non-aqueous system, the major energy change which 
effects solubilization, viz., the free-energy decrease accompanying the disappear- 
ance of the polar-non-polar interface, is absent, and therefore solubilization 
would be erqrected to be even less. Further, it has been drown that in aluminum 
dilaurate-benzene i^stems (15) and in cetane-aodium stearate systems (31) 
which have been heated above 150“C. and then coded, there is little or no change 
in the long cpacings compared to those of the anhydrous ^sterns. 

It therdore seems likely that the cetane replaces sodium stearate molecules in 1 
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the superwaxy lattice. In order for a cetane molecule to do this, a certain 
amount of energy is required to overcome the forces of attraction between the 
polar heads. When a cetane molecule is transferred from the liquid state to 
the superwaxy lattice, it w ill assume the orientation, vibration, and rotation of 
the hydrocarbon tails of the soap molecules, which although partially liquefied 
are semirigidly constrained by the interaction of the polar heads of the molecules. 
This pseudociystallization of the solid w^ould be expected to liberate the energy 
required for the separation of the polar groups. 

There is reason to believe that the replacement of sodium stearate molecules 
by cetane does not occur completely at random. Since superw^axy soap, even 
upon the inclusion of 20-25 per cent cetane at 150®C., is still a fairly rigid 
system, and threads are not readily pulM out of a mass of the system, a sig- 
nificant number of the dipole interactions between the terminal polar groups 
must still persist despite this partial solution process. This observation w ould 
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Fig. 3. Schematic representation of cross section through cluster of molecules in super- 
waxy soap, showing the formation of chains of soap molecules by lateral association of 
polar groups. • , sodium stearate ; O , cetane. 

indicate that a high degree of contiguity of soap molecules is maintained within 
the clusters of hexagonally packed soap and cetane molecules, as suggested by fig- 
ure 3. Such an arrangement is also in accord with the greater solubility of 
cetane in the superwaxy phase than in the curd phase, since the abnormal 
entropy of mixing associated with the solution of small molecules in a system 
of kinked chains (12, 24) will facilitate the solution of cetane in the chains in 
superwaxy soap. 

Although the lattice-like arrangement of the soap and cetane molecules within 
clusters precludes the existence of a true smectic structure (2), the liquid- 
crystalline state is itself not prohibited, since the orientation of one cluster need 
not be common to adjacent ones. The pronounced yellow color of this liquid- 
crystalline phase between crossed polaroids is evidence that the molecules are 
tilted (1 ). This liquid-crystalline structure would resemble one of C . Herr- 
mann’s intermediate liquid-crystalline arrangements, PoPoK (10), which was 
attributed by K. Herrmann to several low-temperature liquid-crystalline 
phases (11). This structure for superwaxy soap therefore accounts for the 
optical behavior and capacity for dissolving cetane which has been observed in 
the system under consideration. 
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A structure identical to the one postulated above is not necessarily common 
to all soap-hydrocarbon systems. The deviation from this structure will be 
primarily a function of the nature of the hydrocarbon. For example, aromatic 
hydrocarbons may be more readily oriented by the constrained rotating tails of 
the soap molecules and indeed may even interact somewhat with the dipoles at 
the polar terminals. Also, a large “sphericar^ or globular molecule could not 
readily replace a soap molecule in the superwaxy lattice without causing a 
marked expansion of the lattice. For this reason superwaxy soap or its counter- 
part would not extend to as high concentrations of hydrocarbon in such systems. 

Non-cuiueous middle soap 

At temperatures above 115°C. on increasing the cetane concentration to 50 
per cent, a new phase, non-aqueous middle soap, is formed which is a smectic, 

1 liquid-ciystalline phase. The transition from superwaxy soap to middle soap 
may be accounted for on the basis of the increased amount of cetane in the 
system. 

With an increasing quantity of cetane, a point is reached at which molecules 
of cetane become sufficiently contiguous to separate the clusters of commonly 
oriented soap and cetane molecules, and, further, to cause the subdivision of the 
previously existing aggregates into smaller ones. The subdivision of the aggre- 
gates by the penetration of cetane would lead to the formation of sheets of 
commonly oriented soap and cetane molecules. It would also be expected that 
these would attain a greater degree of freedom with respect to one another, each 
layer being comparable to a liquid-type surface film. The increased mobility 
of the sheets of molecules is itself sufficient to account for the smectic properties 
of the phase. Under these conditions sheets of commonly oriental molecules 
could be continuously joined by the deformation of these fluid aggregates, as 
shown in figure 1 of reference 2. 

Since non-aqueous middle soap may be filtered, e.g., forced through a mat of 
filter papers under a pressure of about 10 lb. per square inch (5), the aggregates 
in this phase cannot be much larger than of (‘olloidal dimensions. It should be 
pointed out that the existence of such aggregates in non-a(iueous middle soap is 
not incompatible with its being a single homogeneous phase (13). It therefore 
seems plausible that non-aqueous middle soap consists of aggregates of parallel 
oriented soap and cetane molecules. These aggregates have at least one dimen- 
sion comparable to the wave length of the visible spectrum and are separated 
from each other by dimensions comparable to their own in which the soap and 
cetane molecules are more randomly arranged. 

There are a number of other observations in the literature which indicate that 
the formation of non-aqueous middle soap may be of rather wide occurrence. 
Gallay et al (7) have noted the fact that fibers may be formed from dilute 
soap-paraffin oil systems at about 125°C., but that these break up as the tem- 
perature is lowered below this transition. Mead and McCoy (23) have similarly 
observed a system of aluminum oleate in mineral oil which showed the normal 
elasticity of a gel, but which flowed under the application of a small shearing 
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stress. McBain and Smith (20) have also showm the existence of a similar phase 
in a sodium stearate-aromatic hydrocarbon system, although the melting point of 
the phase in their system is considerably higher than in the cetane system. 
Finally, Marsden, Mysels, and Smith (15) have concluded on the basis of x-ray 
investigations of several soap-hydrocarbon systems that micellar aggregates 
of soap molecules exist in dilute soap systems above l2o°C, 

III. STRUCTURE OP THE AQUEOUS PHASES 

Since there is still no general experimental agreement on the nature of the 
curd phases (3, 6, 18, 32), no attempt will be made to discuss them in this paper. 

Soapboiler^ s neat soap 

At temperatures above 100°C. after approximately 5 per cent of water is 
added to sodium stearate, a new phase is formed, soapboiler’s neat soap, which 
does not exist in the anhydrous system. Soapboiler’s neat soap occupies the 
same conspicuous position in the aqueous system as does superwaxy soap in the 
cetane system. 

There can be little doubt that the water is disposed around the polar terminals 
of the soap molecules, and it might be expected that the only effect of w’ater 
would be to reduce the attractive forces between the dipolar heads. If this 
were the only effect of the added water, however, the melting point of the system 
would be expected to drop rapidly. Furthermore, under these conditions soap- 
boiler’s neat soap should exhibit enhanced liquid-crystalline structures above 
125°C., since the association of the hydrocarbon chains would also be signifi- 
cantly reduced at this temperature. This is not the case. Soapboiler’s neat 
soap, although it is double refracting and liquid crystalline, does not develop 
intense polarization colors nor typical smectic optical figures unless it is in 
equilibrium with isotropic liquid or at temperatures in the neighborhood of 
200°C., or higher. Furthermore, the melting point of soapboiler’s neat soap, 
containing about 15 per cent of water, is somewhat higher than that of anhy- 
drous soap. The addition of water thus restrains thermal dissociation, w ith the 
result that in soapboiler’s neat soap the internal forces of association are of 
comparable strength to those in the neat phase of anhydrous sodium stearate. 

In order to discuss the structure of soapboiler’s neat soap most effectively, it 
seems advisable first to consider that of neat soap itself. Conductivity measure- 
ments (33) of subneat and neat soap have showm that in neat soap the system 
appears to be salt-like, since the temperature dependence of its conductivity can 
be represented by an equation similar to those for ionic ciy^stals just below' their 
melting point. On the other hand, in subneat soap the energy of activation for ; 
conductance is much higher. X-ray investigations (17) have shown that no 
significant change in the type of packing occurs at the subneat-to-neat transi- 
tion, although there is an increase in the angle of tilt of the hydrocarbon chains 
and in the lateral spacings. These observations may be correlated by a transi- 
tion in the nature of the packing of the polar groups, as shown in figure 4. 

The molecular configuration of subneat soap show n above permits the s(xlium 
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ions of any molecule pair to be coordinated by oxygen atoms of adjoining soap 
molecules. It is also found by the use of Hirschfelder models that such co- 
ordination, as indicated by the diagram, prohibits the oxygen atoms from lying 
in a single plane. This arrangement is seen to place the sodium ions in potential 
wells, so that their mobility is impeded and the energy of activation for con- 
ductance will accordingly be high. 

As the temperature is raised, the coulombic binding energy is overcome by 
kinetic energy and the ions will separate from each other. It is an acc^ted fact 
that resonance will occur between the two oxygen atoms of a carboxylate ion and 
also that under such conditions the resonating group is planar. It can be shown 
with the use of accurate atomic models, excluding excessive deformation of 
normal bond angles, that the occurrence of resonance requires a greater angle of 
tilt of the hydrocarbon chains with respect to the planes of the polar heads, as 
shown in figure 4B. X-ray investigations have actually shown such an increase 



Fig. 4A. Possible configuration of molecules in subneat soap 
Fig. 4B. Possible configuration of molecules in neat soap 


to occur at the subneat-to-neat transition (17). The configuration of neat soap 
shown in figure 4B takes into account the necessity of coplanarity of the resonat- 
ing group and also places the sodium ions in an equipotential force field. This 
will facilitate migration of the sodium ions under an applied electromotive force 
and therefore the energy of activation for conductance will be lowered, as con- 
firmed by the experimental data. It should also be noted that the configuration 
shown for neat soap permits the hydrogen atoms on the alpha carbon atoms to be 
close enough to the oxygen atoms of adjacent anions to permit coSrdinatioii and 
thus increase the rigidity of the configuration. 

Starting with the facts that soapboiler’s neat soap is stable up to terrqreratures 
which are slightly higher than those at which neat soap melts to isotropic liquid 
.and that the conductivity of soapboiler’s neat is very high, it is at once apparent 
[that the water molecules must be effective iri stabilizing an ionic lattice which 
may perhaps be similar to that suggested for neat soap. A possible structure is 
shown in figure 5, in which the molecules of water act to bind the soap ions. 



COL<liOIDAI< STBXrCTXJBES IN SOAP SYSTEMS 


107 


The positions of the sodium ions, which are distributed in the interstices of the 
lattice, are not shown. This is not an unusual structure, since an arrangement 
which resembles this has been verified by x-ray diffraction for oxalic acid dihy- 
drate (27). The hydration of the anion terminals would also tend to decrease 
the coordination of the hydrogen atoms on the alpha carbon atoms with the oxy- 
gen atoms of adjacent anions ; hence, at high temperature, the internal mobility 
of soiqsboiler’sneat soap would be increased. Thiswould account for the increased 
development of polarization colors and focal conic structxires in supemeat soap. 

The apex of the supemeat hump in the various soap-water systems studied to 
date occurs at vaiying ratios of two to six molecules of water to one of soap (21), 
indicating that a definite stoichiometric hydrate is not formed. The excess of 
water beyond that shoAvn in figure 5 which may be incorporated without loss of 



Fi<}. 5. Possible configuration of molecules in soapboiler’s neat soap 

stability may be assumed to be bound by the sodium ions. Further addition oi 
water beyond the amounts required for this structure quickly results in a loosen- 
ing of the packing, due to preferential polarization of the small water molecules 
in the vicinity of the polar heads. Accordingly, the stability is greatly de- 
creased, as shown by the rapid drop in melting point. 

Aqueous middle soap 

At higher concentrations of water another factor is necessarily introduced 
since a new phase is again formed, vis., aqueous middle soap. This phase is 
revealed by a sudden rise in the melting point of the system as the soap concen- 
tratiem is reduced below 40 per cent. X-ray examination of supercooled middle 
soap gels in these laboratories (25) indicates that there are present long gjacings 
of the order of magnitude (ca. 75 A.) similar to those found in concentrated 
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solutions of soap. This result indicates that the micellar structure of the soap 
and water molecules is maintained in aqueous middle soap. It is therefore quite 
plausible to believe that the occurrence of the smectic state in aqueous middle 
soap is due to the existence of micelles in which the orientation is continuous over 
a dimension comparable to that of the wave length of visible light and that these 
micelles are inteipenetrated by a dilute solution of soap in water. The essential 
difference between the isotropic solution of micelles and aqueous middle soap 
would then be the extent of micellar formation. 

The formation of the micelles in dilute solutions is chiefly a result of the de- 
crease in free energy which accompanies the transfer of a dispersed soap molecule 
to the aggregate with the accompanying decrease in the polar~non-polar inter- 
face (9). In aqueous middle soap there will of course exist a large interface 
between the micelles and the free liquid, but nevertheless the configuration must 
represent a minimum potential energy. Such a disperse structure will be ex- 
pected to resist a small shearing stress, since an appreciable fraction of the 
applied force will be used in the deformation of the micelles, or, in general, in 
changing the interfacial relations between the micelles and the free liquid whi('h 
constitute the equilibrium condition. This phenomenon is comparable to the 
anomalous viscosity of dispersions of hexane in nitrobenzene or phenol in water 
(26). The stnictural viscosity of these liquid-liquid dispersions is, of course, of 
much smaller magnitude than the structural viscosity of colloidal rubber sols or 
clay suspensions. The rheological behavior of aqueous middle soap appears to 
be similar to the type of behavior exhibited by such liquid-liquid dispersions. 
The consistency is high, as judged by finger tests, and the yield value appears 
high since it does not flow in a 15-mm. glass tube which is inverted and jarred. 
The true yield value, however, as determined with a cutting-wire plastometer 
(14) or falling-ball viscometer (22), is very small. Thus the propostnl micellar 
structure for aqueous middle soap is in accord with its rheological as well as 
optical properties. Hughes has also come to the conclusion that middle soap is 
of a micellar nature, on the basis of x-ray investigations (8). 

IV. SUMMARY 

A detailed examination of the binary systems of sodium stearate-water and 
sodium stearate-cetane has revealed a similarity in the phase relatioHB in both 
systems. Both soapboiler’s neat soap, which exists at high soap concentrations 
in the water system, and superwaxy soap existing at high soap concentrations in 
the cetane system appear to be fairly close-packed molecular structures which 
resemble the structures deduced for the anhydrous soaps. Both these phases 
may be considered to be a type of solid solution in which the water or cetane is 
dissolved in the soap and forms a part of the soap lattice. Aqueous and non- 
aqueous middle soaps which occur at louver soap concentrations appear to be 
micellar phases; that is, they may be regarded as being composed of fluid -like 
micellar aggregates of soap and the solvent component of the binary system. 
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During the past decade a number of papers have been published, first in 
Germany (5-9, 11-13, 19, 21, 22) and then in this country (3, 4, 10, 17, 20), on 
the diffraction of x-rays by aqueous solutions of anionic and cationic detergents. 
The experimental results described in these papers have establidied the presence 
of lamellar micelles in these solutions. Supplementary work on the diffraction 
of x-rays by detergent solutions containing solubilized hydrocarbons has indi- 
cated that these hydrocarbons are incorporated within the micelle. 

In recent years a number of non-ionic detergents and other surface-active 
agents have become commercially available. Instead of having an ionizing 
hydrophilic group at one end of a long hydrocarbon chain, as do the usual 
detergents, these non-ionic materials have either a glyceryl group or a poly- 
ethylene oxide chain ending in a hydroxyl group. It was of interest to know the 
fine structure of both aqueous systems of these materials and aqueous systems 
containing solubilized hydrocarbons. 

apparatus 

The source of x-radiation was a General Electric XRD-1 unit having a tube 
with copper target and beryllium windows. The radiation was filtered through 
nickel foil and collimated through guarded pinholes placed 7.5 cm. apart. The 
pinholes used for the Detergent ‘‘X^’ solutions were about 0.025 in. in diameter; 
those used for the other systems were 0.010 in. in diameter. For the side 
spacings, a sample-to-film distance of 50 mm. was used, but for the long spacings 
this distance was increased to 163 or 200 mm. 

MATERIALS 

Detergent “X’', a non-ionic detergent, is the product of condensation of 
isodctylphenol and ethylene oxide. It is a yellow, slightly viscous liquid whose 
molecular weight, as measured by Dr. E. Gonick in this laboratory, is about 636. 
On the basis of this molecular weight, it is estimated that the average ethylene 
oxide chain in this preparation is ten units long. 

The samples of diglycol monolaurate, polyethylene ^ycol (400) monolaurate, 

^ Presented at the Twenty-first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, Califorma, June 13-20, 1947. 

This paper is based upon a dissertation submitted by Sullivan S. Marsden, Jr., to the De- 
partment of Chemistry and the Graduate School of Stanford University in partial fulfill- 
ment #1 the requirements for the degree of Doctor of Philosophy, August, 1947. 

* Lever Brothers Company Fellow in Chemistry. 
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and f^yceryl monolaurate were kindly supplied by Glyco Products, Inc. The 
former two are slightly viscous yellow liquids whose properties, as well as those 
of the latter, are described in the catalog of the donor. These materials, since 
they are merely commercial products, are not chemically pure. 

The Emulphor 0, a white wax-like solid, was supplied by General Dyestuff 
Co. and was described as the condensation product of oleyl alcohol and ethylene 
oxide. 

Triton X-100, supplied by Rohm and Haas, is the condensation product of 
diisobutylphenol and ethylene oxide. From its molecular wei^t of about 600, 
it is estimated that there is an average of nine or ten ethylene oxide groups per 
molecule. This material has a chemical formula somewhat similar to that of 
the Igepals, the German non-ionic detergents developed by I. G. Farbenindustrie. 

The a-n-decyl glyceryl ether is a white crystalline solid whose melting point 
is 38°C. 

ITie l)enzene was c.p., thiophene free, and was dried over sodium and distilled. 

The dimethyl phthalate was supplied by the Eastman Kodak Company and 
was used without further purification. 

METHODS 

The two-component systems were prepared by weighing the detergent and 
water into 2-dram glass vials having screw tops lined Avith pure tin foil. They 
were mixed for 8-24 hr., the length of time being greater for the more viscous 
samples. For the multiphase systems, the vials were then centrifuged in order 
to separate the phases and determine their properties and relative proportions. 

The three-component systems (Triton X-lOO-water-bcnzene) were prepared 
by making a stock solution of the detergent in either benzene or water and then 
adding the third component to portions of this stock solution. Thus* the ratio 
of the two components could be kept constant while the third was varied. 

Samples of the systems were then sucked up into P 3 Tex-glass capillaries having 
a wall thickness of 0.03-0.04 mm., a diameter of about 0.8 mm., and a length 
of about 2 in. The “wet” end of the capillary Avas sealed first and then the 
“dry” end sealed and warmed until a small glass bubble formed, which was 
used as an indication that the capillary was completely sealed. At all times 
the liquid was kept more than J in. from the flame, a procedure which decreased 
thermal decomposition and vaporization to a negligible amount. After prepara- 
tion, the capillaries were again centrifuged to ensure phase separation, except 
in the cases where patterns of mixed phases were desired. 

The capillaries were then mounted in front of the pinhole by means of a small 
piece of moAilding clay, by a method previously described (16). Exposures of 
10 or 12 hr. were used for the long spacings of the more concentrated systems, 
whereas exposures of 20-24 hr. were necessary for the more dilute. Exposures 
of 10 or 12 hr. were used for all short spacings. 

Measurements of the long spacings were made directly from the films by use 
of drafting dividers; it is believed that greater accuracy could be obtained by 
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this method than by measurement of the peaks of the microphotometer tracings, 
psuticularly for patterns of the more dilute samples. 

Since most of the surface-active materials used in this work were liquids and 
gave no long spacing, it was decided to try to cool them below their melting 
points and obtain pictures of the solids. It has been reported (14) that liquids 
could be x-rayed below their melting points by playing a stream of liquid nitrogen 
on a glass capillary containing the liquid. This was successfully modified by 
using a stream of cold carbon dioxide gas from subliming dry ice. 



Pig. 1. Diethylene glycol monolaurate: plot of long spacing versus the weight fraction 
of detergent. 

All preparations and photographs were made at room temperature, which 
was 29°C. ± 3°. All concentrations are expressed on the basis of weight units, 
i.e., either weight per cent or weight fraction. 

RESULTS AND DISCUSSION 

Aqueous systems of diglycol monolaurate at concentrations from about 45 pier 
cent to 85 pier cent consist of two distinct phases: one is isotropic and gives no 
long spacings; the other is liquid-ciystalline and gives a long spacing which is 
not a linear function of the concentration as expressed in pier cent by weight 
(figure 1, middle curve). However, when long spacing is plotted versus the 
reciprocal of the concentration in pier cent by weight, a straight line results 
(figure 2). 

The ratio of liquid-crystalline phase to isotropic phase decreases rapidly with 
ina«asing concentration. Above 85 per cent the systems are sin^e phase and 
isotropic and give no long spacings; from 25 pier cent to 45 pier cent the systems 
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are extremely viscous pastes or emulsions which show weak birefringence and 
give long spacings down to about 35 per cent. Below 25 per cent the systems 
are thin emulsions. The transition from isotropic liquid to the two-phase 
system at 85 per cent is quite sharp, whereas the cliange from two distinct 
phases to emulsified phases is gradual. 

The variation of long spacing with the reciprocal of the concentration is 
decidedly in contrast to that of ionic detergents, where the relation is almost 
linear with concentration. It is similar to that found by Palmer and Schmitt 
(18) in their study of aqueous emulsions of nerve lipids. As an aid to ifnder- 
standing these systems, one may set up a model of an ideal, two-component, one- 
phase, smectic, liquid-crystalline system. One component is a long-chain 



Fj(j. 2. Diethylono glyrol inonolaurate: plot of lonjij spacing versus the reciprocal of the 
concentration in per cent by weight. 

hydrocarbon compound wliich has a hydrophilic group at one end, such as a 
detergent or similar surfa(?e-active substance. The oth(T component is water. 

Consider first the pure anliydrous detergent in the smectic liquid-crystalline 
state (figure 3). It will have a liquid or average orientation in the T 0 -plane and 
“crystalline’' or definite orientation in the y or vertical diiection. It will give a 
long x-ray diffraction spacing equal to L,-sin /S, where L, is the double length of 
the detergent molecule and is the angle of tilt of the detergent molecule to the 
basal plane. 

Consider the addition of water to this liquid-crystalline detergent, making 
the simplifying assumptions that (!) the density of the detergent equals that of 
water, that is, weight per cent equals volume per cent ; and {2) all of the water 
that enters the system forms uniform layers betwTCn the hydrophilic ends of the 
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deteii^t molecules. Then these aqueous sjrstems will pve a new Icoxg q>adng 
Lt, Rhidi is the sum of the detergent layer, L,*dn /$, and the water layer, 
(figure 4). 
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Thus, for the ideal ssrstem, the total long spacing varies as the reciprocal of the 
concentration times a constant, which is the product of the double length of^he 
motecule and an jS. 

The relation between total long spacing and concentration for this ideal ^tem 


X-BAT DIFFRACTION STUDY OF DBTERGENTS 


115 


corresponds to that actually found for the aqueous systems of di^ycol mono- 
laurate. 

Consider again the ideal system. Take the logarithms of both sides of equa- 
tion 3. For a pven substance, L, is constant. Also assume that 0 is constant. 
Then equation 4 is a straight line and for the ideal system, a log-log plot of Lt 
and c is a straight line of slope — 1 and intercept equal to L, -sin 0. 

The experimental results for diglycol monolaurate were plotted on these co- 
ordinates (figure 5, middle curve). The slope was numerically slightly greater 
than —1. The chemical purity of this material was doubtful, so it was decided 
to check the properties of the two phases. An 80.0 per cent system was pre- 
pared, the two phases separated, and the water removed in a vacuum desiccator 



Fio. 5. Log-lug plot of experimental results for diglycol monolaurate 

over pho8phon.i.s pentoxide. The isotropic phase lo-st less than 10 per cent by 
weight, whereas the liquid-crystalline phase lost more than 30 per cent. From 
these residues, additional aqueous swtems were prepared and photographed. 
These new systems differed from the original systems both in long spacing (figure 
1) and in physical appearance, i.e., the amount tmd type of phase present at a 
given concentration. This shows that the original diglycol monolaurate was not 
chemically homogeneous, and that there is an unequal distribution of the com- 
ponents between the two phases in the original aqueous system. 

The residues from the isotropic phase were somewhat hydrophobic, and its 
aqueous systems contained a greater proportion of isotropic phase than did sys- 
tems of the original material. The residues from the liquid-crystalline phase 
readily mixed with water to form new sjrstems which were more strongly bire- 
fringent and more highly colored than aqueous systems of the original material. 
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It can be seen that the long spacings of the systems from the isotropic phase 
residues increase considerably more rapidly than do those from the liquid-crystal- 
line phase residues. When these are plotted on log-log coordinates (figure 5) the 
slope of the line for the liquid-crystalline phase residues is - 1, whereas that for 
the isotropic phase residues is considerably greater. As was shown in equation 5, 
the rate of decrease of the log of the total long spacing with respect to the log of 
the concentration equals unity when only water is entering the structure. But 
if this rate is numerically greater than unity, something else must be happening. 

Work by other investigators with aqueous solutions of ionic detergents has 
diOwn tha,t the addition of hydrocarbon results in an increase of long spacing of 
the solution. This has been explained as due to the hydrocarbon forming layers 
between the hydrophobic ends of the molecules similar to the water layers be- 
tween the hydrophilic ends. 

Therefore, it is here postulated that the greater rate of increase of long spacing 
than can be attributed to the addition of water alone is actually due to hydrocar- 
bon entering the lamellar structure in layers between the hydrophobic ends of 
the molecules. This hydrocarbon is assumed to he present in the original ma- 
terial as an impurity, and evidently collects in the isotropic phase, which serves 
as a reservoir from which it is progressively abstracted. Since the isotropic 
phase residues give aqueous systems which have a long spacing, they must e\i- 
dently also contain some of the surface-active material. 

Returning to the aqueous systems of the original material, in the isotropic 
region between 85 per cent and 100 per cent water is taken up by the surface- 
active material without the formation of a liquid-crystalline phase. Evidently 
this water penetrates between the sides of the detergent molecules, povssibly with 
hydrogen bonding to the oxygen atoms of the carboxylate group or the ether 
oxygen of the diethylene glycol. There is no change in the numerical value of 
the side spacing halo of 4.6 A. when going from 100 to 85 per cent, but there is an 
increase in the relative intensity of a halo corresponding to a Bragg spacing of 
7-8 A. 

Considering the other extreme of the concentration range, there is the possi- 
bility that structure may persist below that found in this investigation, but it 
becomes increasingly more difficult to detect it tecause of both the decreasing 
intensity with dilution and the approach of the diffraction pattern to the main 
x-ray beam . At any rate, no di (Traction was observed for aqueous systems of the 
original material below 35 per cent and for the liquid-crystalline phase residues 
below 21.6 per cent, although a number of systems below these concentrations 
were photographed. 

Since both the original diglycol monolaurate and the isotropic phase residues 
probably contained hydrocarbon, not too much can be learned from the inter 
cepts of the log-log long spacing-concentration curve (figure 5). However, the 
liquid-crystalline phase residues apparently have very little, if any, of this im- 
purity, and so their intercept at c = l.OO, namely, 36.8 A., should be equal to 
L.*sin j9. 

The long spacing of this material when cooled to below its melting point is 49 
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A., a value which agrees well with the calculated extended double length of the 
molecule , i .e . , about 50 A. This would indicate that in the frozen material the mob 
ecules are practically pc^rpendicular to the basal planes. Since the intercept of 
the log-log plot is 36,8 A., this would indicate an angle of about 48° for the diglycol 
monolaurate molecules in the hydrous liquid-crystalline structure of this material, 
l^ecause of the various assumptions this value is only approximate. 

It will be noted that the long spacings for the cooled samples of original digly- 
col monolaurate and the isotropic phase residues are very close to their respective 
intercepts, a fact which would indicate that the molecules are still tilted, when 
(tooled, if there is hydrocarbon present to allow freer arrangement of the hydro- 
phobic ends of the detergent molecule. 



Fig, 6 . Log-log plot of long spacing versus weight per cent of detergent for Emulphor 0, 
Rlyceryl monolaurate, polyethylene glycol 400 monolaurate, and a-M-decyl glyceryl ether. 

Polyethylenv glycol monolanrak 

This material is the monoester of “lauric’’ acid with polyethylene glycol, hav- 
ing an average molecular weight of 400 (i.e., about nine ethylene oxide units; 
commercial ‘lauric’’ acid consists usually of the acid obtained from cocoanut 
oil). Its aqueous systems consist of either one or t wo phase's, depending on the 
concentration. One phase is clear, isotropic, and gives no long spacing; the other 
is liquid-crystalline and gives a long spacing which incix'ases with dilution. 
When the long spacing is plotted virsm concentration on log-log coordinates 
(figure 6), the points approximate a straight line which has a slope numerically 
less than —1 (actually about —0,6). Because of the variation of the relative 
amounts of each phase with concentration, not much information can be obtained 
from the curve other t han t o say that all of the water d(K3s not go into the lamellar 
layers. 
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Glyceryl monolaurak 

The aqueous systems of glyceryl monolaurate are either homogeneous or con- 
sist of two layers, depending on the concentration. Both layers are birefringent 
and both give the same long spacing, which also varies as the reciprocal of the 
concentration (figure 2). 

When the results for glyceiyl monolaurate are plotted on log-log coordinates 
(figure 6), the resulting line has a slope very close to — 1, indicating that there is 
probably little or no hydrophobic material present. The intercept is 35.6 A. 
The long spacing of the solid material is 39.5 A., which is 2.2 A. longer than the 
value reported (15) for pure glyceryl monolaurate in the stable /S form (tilted at 
an anjdc of 59° to the basal plane). Assuming that this 2.2 A. is due to a longer 
average hydrocarbon chain of the glyceryl mono “laurate”, the calculated length 
of the molecule is 45.4 A. This gives a value of 51 ^ for the angle /8, for the deter- 
gent molecules in the hydrous, smectic, liquid-crystalline state. This is only ap- 
proximate because of the doubtful chemical homogeneity of the original material. 

The fact that the aqueous systems of this material separate into two layers 
might be attributed to impurities. Among other things the manufacturer states 
that a small amount of soap has teen added to make it self-emulsifying. ITiis 
goap, in a finely dispersed condition, could te the reason for the appearance of 
(WO layers. 


a-r-Decyl glyceryl ether 

The aqueous systems of this material are one-phase and liquid-crystalline te- 
tween 62 per cent and 100 per cent. In this region they give a long spacing 
which increases with decreasing concentration. Below 62 per cent they consist 
of an emulsion which settles into two layers. The less dense layer is birefringent 
and gives a long spacing which is consttmt for all concentrations. The relative 
amount of this layer, which probably contains most of the glyceryl ether, de- 
crea^s regularly with decrease of concentration. Tlie denser layer is clear, iso- 
tropic, and gives no long spacing; it probably consists mostly of water. Ihiring 
the preparation of these systems there was a marked cooling effect when the com- 
ponents were mixed. 

The observed long spacing of the solid glyceryl ether is 29.7 A.; a calculated 
length of the double molecule is 37.4 A., which would indicate an angle of tilt of 
52-53“ for the molecules in the solid material. 

When the long spacings are plotted versus concentration on log-log coordinates 
(figure 6), they fall close to two straight lines, one being for the liquid-crystalline 
systems and the other for the emulsions. ^ 

Consider first the line for the liquid-crystalline systems. The dope is — 1, in- 
dicating that all of the water is going into the lamellar layers. The intercept of 
about 27 A. indicates that the molecules are tilted at an an(de of about 49“ in the 
liquid-crystalline condition. 

The reason for the abrupt formation of an emulsion at 62 per cent ^yceryl 
ether is not known. The long spacing of this emulsion is constant at 43.2 A.; 
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if the nadecules are still tilted at an angle of /3 = 49°, as they are in the liquid- 
crystalline condition, then there is a constant water layer about 16 A. thick be- 
tween the glyceryl woups. Even if /3 has changed to 90°, there must be a con- 
stant water layer 6 A. thick between the glyceryl groups. 

Emvlphor 0 

Below about 90 per cent these ^ueous systems are clear isotropic solutions* 
except in the region of about 53 per cent where they are dear, stiff jellies. The 
viscosity of the solutions increases with concentration. From 90 per cent to 100 
per cent the systems are white, wax-like, and solid. Aqueous systems from 100 
per cent to about 30 per cent give a long spacing which increases with dilution. 



Fig. 7. Plot of long spacing versut per cent of detergent for Detergent “X” and 98.6 per 
cent Triton X-100:1.5 per cent benzene solutions. 

When these long spacings are plotted versus concentration on log-log coordinates, 
they approximate a straight line which has a slope numerically less than — 1 
(fi^re 6). This would indicate that not all of the water being added to the sys- 
tem is going into tlie lamellar layers; it is either going between the ethylene o.xide 
portions of the chains or else between the lamellar micelles that probably exist in 
these solutions. 


Detergent “X” 

Aqueous systems of this material are all isotropic solutions which have 
anomalous viscoaties such as were previously observed by Boedeker (2). Al- 
though detergent “X” itself does not give a long spacing, its aqueous systems 
from 11 per cent to 94 per cent give long spacings whidi increase linearly with 
dilution (figure 7). The relative intensity and sharpness of the long spacing are 
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greatest at about 70 per cent; both qualities decrease with increasing or decreas- 
ing concentration from this region. 

This type of variation of long spacing with concentration is the same as has 
been found by other investigators for solutions of ionic detergents. It is believed 
that these aqueous solutions of detergent contain lamellar micelles similar 
to those that exist in solutions of ionic detergents. 

When detergent is frozen and photographed, it gives a long spacing of 
about 50 A. ; this agmes well with the calculated single length of the average ex- 
tended molecule (51 A.), If the molecules are arranged in both the solid material 
and lamellar micelles with the hydrocarbon ends together and the hydrophilic 
ends together, as they are in the case of the ionic detergents, then one would ex- 
pect a first order of twice 50 A. (times sin fi) for the solid material, and also spa(J- 
ings of more than this for the first order of the solutions. However, these were 



Fig, 8. Variation of spocific j?ravity of aqueouH Detergent solutions with coneen- 
tration. 

not found. On the basis of this system and the very thorough study of the ter- 
nary system Triton X- 100-water-benzene (see below), it is lielieved that the 
observed values are actually the second (and fourth) order and that the first (and 
third) order is either missing or very weak. The values of long spacing on the 
graphs are the observed ones multiplied by a factor of two, giving what is be- 
lieved to be the tnie repeating pattern of the systems. This same peculiarity, 
i.e., strong second order of diffraction but no first, has previously been observed 
by Ross and McBain (20) for aqueous systems of hexanolamine oleate. 

An alternative explanation to the above would be an angle of tilt of 30*^ or 
less, which is considerably less than has been reported for any other substances. 
It is believed that the first -explanation is the more probable. 

In the course of this investigation it was desired to know the variation 
of i^cific gravity of aqueous detergent “X” solutions with’ concentration. 
These were determined with a small pycnometer and are plotted in hgiue 8. It 
can be seen that in the region between 76 per cent and 100 per cent, the solutions 
of detergent “X” have a specific gravity greater than that of pure detergent “X”; 
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this indicates the strong association of the water and detergent molecules through 
hydrogen bonding with the ether oxygen atoms and hydroxyl group. The 
greatest deviation of the observed values from the expected straight line, i.e., 
the greatest difference between the full and broken line, is in the region of 70 per 
cent, which coincides with the concentrations giving the strongest and sharpest 
x-ray patterns. 

Short spacings of detergent and its a(|iieous solutions consist of a halo 
whose maximum intensity corresponds to a Bragg spacing of 4.5 A. This value 
remains constant but the intensity decreases with dilution. In dilute solutions 
the water halo becomes relatively stronger and this causes an apparent shift in 
the side spacing. This shift liecomes noticeable at about 30 per cent. 


TRITON X-lOO 



Fio. 9. Phase diagram for the Triton X-lOO-water-benzene system 

Tlu' side spacing halo, 4.5 A., is l)elicved to l)e due to the average or liquid ar- 
rangemeiil of the chain-like molecules within the micelle, similar to that postula- 
ted by other investigators for ionic detergents. 

Triton X - 1 OO-uyater-he nzene 

In order to study the solubilization of hydrocarbons in aqueous systems of a 
non-ionic detergent, it was decided to treat the problem as the phase study of a 
three-(H)mponent system, the components being detergent, water, and a hydro- 
carbon. "Jlie detergent used w^as Triton X-KK); the hydrocarbon w^as benzene. 
Singles systems w'ere made by first preparing a stock solution of Triton X-1(X1 in 
either w ater or benzene and then diluting portions of this stock solution with the 
thin! component. Thus the ratio of two components was kept constant while 
the third w^as varied. 

On the basis of more than one himdred points examineil, the phase diagram 
looks something like figure 9. The indi\ddual points studied are included with 
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ibe phase boundaries as far as they have been determined (daehed lines indicate 
tentative phase boundaries). It is to be emi^iafflzed that this phase diagram is 
not complete ; in particular, the region in the lower left-hand comer needs clarifi- 
cation. It is primarily used as a convenient method of presenting the physical 
appearance of the particular s3rstems studied. 

It will be noted that Triton X-100 is miscible with water in all proportions. 
"W^th benzene, it is probably miscible in all proportions except for a very sli^t 
precipitate, which is probably an impurity. 

The x-ray results can be described by several general statements. Neither of 
the two-component systems, i.e., Triton X-100 in water or Triton X-100 in ben- 
zene, gives long spacings, indicating that two components are not enough to form 
a lamellar stmcture for this system. The addition of about 1 per cent of benzene 
to aqueous systems of Triton X-100 is suflScient to form enou^ of a stmcture 
to diffract x-rays, but the addition of about 10 per cent of water to benzene solu- 
tions of Triton X-100 is necessary to give this minimum amount of stmcture. 

Triton X-100 itself, which is a liquid, does not give a long spacing, but when 
cooled below its melting point, it gives a long spacing of 46.5 A. This is very 
close to the calculated single length of the average extended molecule, i.e., about 
47 A. It is believed that this is a second order of diffraction, although no first 
order is visible. 

Samples in the liquid-crystalline repon we generally quite viscous, hi^y 
birefringent, and very beautifully colored in the polarizing microscope. They 
give long spacings which are very highly oriented, the diffraction being perpendic- 
ular to the axis of the capillary in whidi the sample is mounted. This indicates 
that the lamellar stmcture is oriented parallel to the axis of the capillary when it 
is filled. The riiort spacings of the liquid-crystalline samples, which consist of 
two broad halos, are not oriented. 

Of the systems in the region where two isotropic phases exist, only the less 
dense (more concentrated or benzene) phase gives a long spacing. These long 
spacings are not oriented, and none are so riiarply defined as those in the region 
of the liquid-crystalline samples. The long spacings of the samples in the region 
where one isotropic phase exists are also non-oriented and of about the same 
riiarpness as those in the two isotropic phase regions. 

In the heterogeneous regions which contain both liquid-crystalline and iso- 
tropic phases (dariied area on figure 9), the two phases have different long spac- 
ings. In every case, the long spacing of the isotropic phase is either equal to or 
greater than that of the coexisting liquid-crystalline phase. 

For the change of long spacing with concentration, consider first the aqueous 
^sterns to which benzene has been added in various amounts, i.e., solubilization 
of benzene by the aqueous solution of the detergent. When the total long spac- 
ing is plotted against per cent Triton X-100, the curves in figure 10 result. The 
curves are identified by the original concentration of the aqueous stock solution 
of Triton X-100. For example, the curve conasting of circled points and labeled 
“80.4%” is for the long spacing of a series of three-component systems made by 
SMiding various amounts of benzene to portions of a stock solution of 80.4 per cent 
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Triton X-100 in water. Then, as more benzene is added, the total concentration 
of Triton X-100 decreases; it is these latter concentrations, at different dilutions, 
which are plotted as abscissae of figure 10. 

It toU be noted that in general the long spacing increases very rapidly with the 
addition of benzene, much more rapidly than can be accounted for by having 
only benzene go into the lamellar layers. Evidently, both benzene and water go 
into the lamellar structure to form layers similar to those in the aqueous systems 
of diglycol monolaurate. The breaks in the curves in the heterogeneous region 
are quite evident ; the long spacings of the coexisting phases are connected by the 
four vertical dashed lines. 



Fig. 10, Plot of long spacing versus weight per cent Triton X-100 for constant Triton 
X-l(K) to water ratios (benaene varied). 

Now consider the Triton X-100-l)enzene systems to which water has l)een 
similarly added in various amounts (figure 11). Again the total long spacing is 
plotted against final per cent Triton X-100, with the points being identified by 
the concentration of X-100 in the original stock solution. It will be noted that 
the long spacings for the isotropic systems are ver3'^ close to one line, while those 
for the liquid-crj'stalline systems fall very close to another. 

From a consideration of the curves of figures 10 and 11, it can be shown, as 
follows, that all of both the benzene and water does not go into lamellar layers 
between layers of Triton X-100 molecules. If it did, we would get for both of 
these graphs the same curved line (concave upward), intersecting the axis at 100 
per cent Triton X-100 and L, - sin /3, and fulfilling the other conditions previously 
derived for the hydrous, smectic, liquid-crsrstalline condition. 

Since different cur\n8 are obtained for both the liquid-crystalline systems and 
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the isotropic systems, there is something distinctly different between the two ; 
if this difference were constant for all concentrations one might attribute it to a 
change in the angle of tilt, /3, but, since the difference varies with concentration, 
it must be something else. (This is, of course, on the assumption that d is not a 
gradual function of concentration.) 

No long spacings were observed below concentrations of about 30 per cent; 
since the rate of increase of the long spacing with respect to decreasing concentra- 
tion is ver3>- high in this region, and since the difficulty of observing these very 
l<mg spacings becomes extremely great just below this (concentration, it is hard 
to say whether the lamellar structure has disappeared or whether it just could 
not be observed. For some systems (such as the dilutions of 80.4 per cent and 



Fig. 11. Plot of long spacing rwrsus weight per cent of Triton X-100 for constant Triton 
X-100 to benzene ratios (water varied). 

70.8 per cent on figui*e 10 and those of 90.1 pcjr cent on ligure 11) the lack of an 
observed long spacing in the more dilute region must he attributed to something 
other than the above two reasons. It is believed that this other fatdor is an 
insufficient amount of either water or benzene to form the lamellar structure. 
As was previously mentioned, at least 10 per cent of benzene is necessary and 1 
per cent of water is necessary to form a lamellar structure (this latter figure 
applies only to concentrations of Triton X-100 of over 50 per cent). 

If the points for the liquid-crystalline systems from figure 10 are superimposed 
on figure 11, they fall fairly close to the line, with a couple of exceptions. If all of 
the points for the liquid-crystalline systems from both figure 10 and figure 1 1 are 
replotted on log-log coordinates (figure 12), they lie approximately on a straiglit 
line of slope equal to —1. On the basis of the model of the hydrous, smectic, 
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liquid crystal previously set up, this would indicate that in the region of the 
straight line all of the water and benzene added is going into the lamellar layers. 
On this same basis, one would expect an intercept at 100 pc^r cent Triton X-100 
of L, ‘sin however, as can be seen from the phase diagram (figure 9), the upper 
boundary of the liquid-crystalline region is at about 70 per cent Triton X-100. 
Above 82 per (jent Triton X-100 no long spaeings were observed for the isotropic 
solutions; the water and benzene evidently are going between the detergent mole- 
cules prior to any formation of lamellar structure becoming apparent to x-ray 
examination. As was mentioned previously, the obsi^rved long spacing of the 
frozen Triton X-100 was 46.5 A., a value which agreed well with the calculated 
average length of the molecule. Since no long spaeings less than this value were 



P’lG. 12. Log-log plot of long spacing versm weight per cent of Triton X-100 for liquid- 
crystalline systems. 

observed for any of the three-component systems, it is l)clieved that the mole- 
cules of the Triton X-100 are perpendicular to the basal planes, i.c., = 90°. 

The above interpretation has a few weak points and exceptions, but a major 
part of the experimental evidence supports it toU. 

The relation of long spacing to concentration for the isotropic solutions is not 
so clear cut as that for the liquid-crystalline systems. Although the points for 
the isotropic solutions with constant ratios of Triton X-100 to benzene (figure 1 1 ) 
fall on a continuous line, those for solutions with constant ratios of Triton X-lOO 
to water (figure 10) fall on different lines wrhich are dependent upon the original 
ratio of detergent to water. Even when all are plotted on log-log coordinates 
(figure 13), they give only a rather incoherent mass. However, as with the 
liquid-crystalline systems it can be said that part of the winter and Ix^nzene goes 
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between tiie drains prior to the formation of the lamellar layere, as evidenced by 
the lack of long spacings in concentrations of above 82 per cent Triton X-100. 
Also, most but not all of the remaining water and bensene goes into the lamellar 
layers; this reservation must be made because of the complexity introduced by 
the fcmnation of the second, isotropic, non-lamellar i^ase. 

A part of ibis investigation which needs to be discussed separately is the thin 
isotropic repon that exists on the phase diagram between the liquid-crystalline 
region and the Triton X-lOO-water cohrdinate. This was studied by preparing 
a stock solution of 98.5 per cent Triton X-100 -1-1.5 per cent bensene and then 
diluting portions of it with water; the results are plotted on figure 7 with those of 
Detergent “X” ; the variation of long spacing with concentration is practically the 



WEIGHT PER CENT TRITON X-tOO 
Pig. 13. Log-log plot of long spacing versus weight per cent of Triton X-100 for isotropio 
systems. 

same as that for Detergent ‘X”, although the diffraction is not as strong and the 
results do not cover as great a range of concentration. Now the only difference 
between the structural formula for these two detergents is the configuration of the 
oclyl group attached to the phenoxy ring. Detergent ‘X” has a 6-methyl-n- 
heptyl group and Triton X-100 has diisobutyl substitution (a 1,1,3,3-tetra- 
methjdbutyl group). The length of the average polyethylene oxide chain differs 
by less than one unit, which should make little difference in the chemical proper- 
ties. Yet the aqueous systems of Detergent ‘ X” have a lamellar structure, 
while those of Triton X-100 do not (until bensene is added). There are at least 
two {dausible explanations of this. One is that the configuration of the octyl 
grcnip is vital for the formation of the lamellar structure. Another is that there 
is a ainall amount of an impurity of a hydrophobic nature in the original Deter- 
gent “X" which favors the formation of this lamellar structure by going into 
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layers between the hydroearljon ends of the molecules. The results with the 
aqueous systems of Triton X-lOO containing 1.5 per cent of benzene tend to sup- 
port this latter explanation strongly. 

Triton X-i 00 -water-dimethyl phthalate 

Dimethyl phthalate has the uni(|ue propi'rty of being insoluble in both water 
and paraffin hydrocarbons. Recent work in this laboratory by Miss McHan has 
shown that this material is solubilized by aqueous detergent solutions and 
that the solubilization is greater (on the basis of moles of phthalate per mole of 
detergent ) in tlie decinormal solutions than in stronger solutions. This has led 
to the explanation that the phthalate is solubilizc'd more by a type of micelle that 
exists in dilute solutions than by the lamellar micelle which exists in more con- 
centrated solutions. 

It was of int(*rest to compare the solubilization of this substance with that of 
Ixuizene by an a(iueous solution of Triton X-100. Accordingly, dimethyl phthal- 
ate was added in portions to a 50.2 per cent Triton X-100 solution in water and 
\-ray photographs were taken of samples of this ternary system. From zero to 
12. () ix*r (*ent phthalate (which was the range of concentration studied) the sys- 
tems were ch'ar and isotropic; the viscosity became less upon gradual addition of 
the phthalate. None of these systems gave a long spacing, indicating that there 
was no regular lam(‘llar structuiv. The striking difference between this ternary 
system and the ternary system Triton X-lOO-water-benzene in the same con- 
centration range, which produced a long spacing, indicates that dimethyl phthal- 
ate' is not solubilized like benzene by incorporation within a regular lamellar struc- 
ture, but is evidently solubilized by some other mechanism. 

The ejfect of time 

Five to s('V(‘n months after some of the foregoing systems were studied, it was 
decided to rephotograph a nurnlx'r of the same capillaries to see if they 
had changed with time. 

The aciueous systems of a-/^-decyl gl^X’cryl ether and Emulphor ( ) gave patterns 
which were identical with the original ones. 

The acpieous systems of diglycol monolaurate (along with those' made from the 
isotroi)ic and liciuid-crystalline phase residues), gly(*(‘ryl monolaurate, and poly- 
ethylene glycol 400 monolaurat(* gave spa(*ings which were longer than those of 
the original photographs. This increased length was only a matter of a couple 
of Angstrom units for the more concentrated systems, but came to 10 or 12 A. for 
the more dilute*. The very dilute systems gave no pat tern upon rephotographing, 
whereas they has previf)usly given pattei-ns. 'hhe abo\'e experimental faeds can 
be explained on the basis of hydrolysis of these detergents, which are merely es- 
ters, with some of the resulting decomposition products going into the lamellar 
layers to increase the long spai'ing. The very dilute systems would be expei'ted 
to hydrolyze to a greater extent, with the n*sultiiig destruction of the lamellar 
structui-e. 
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The aqueous systems of Detergent. '‘X’’ gave no pat tern a year after pn?para- 
tion. No explanation is offered here. 



Fig. 14 Fkj. 15 Fig. 10 

Fig, 14. Typiral x-my diffraction patterns of a(|ueous systcuns of non-ionic dcterKcntvS 
A, 72.5 per cent a-w,-decyl Rlyceryl ether (licjuid crystal). H. 11.0 per c(*nt « ^-decyl j^ly 
ceryl ether (liquid-crystalline phase). 60 8 per cent di^^lycol inonolaurate (licpiid crys 
talline phase). D, 69.1 per cent liquid-crystalline phase* residues of dij^lycol inonolaurate. 

Fig. 15. Typical x-ray diffraction patterns of aiiueous systems of non-ionic deterjrents, 
A, 63.5 per cent Einulphor O (isotropic solution). H, 44.1 per cent j^lyeeryl rnonolaurale 
(liquid-crystalline phase). (’, 62 5 per cent Triton X-KK), 24.5 per cent water, 13.0 p(*r cent 
benzene (isotropic phase). D, 50.2 per cent Triton X-UK), 33.0 per cent water, 16 S per cent 
benzene (liquid-crystalline phase). 

Fig. 16 . Typical x-ray diffraction patterns of aqueous systems of non-ionic detergents. 

A, 43.1 per cent Triton X-100, 42.S per cent water, 14.1 per cent benzene (liijuid crystal) 

B, 59.8 per cent Triton X-100, 39.3 per cent water, 0.9 per cent benzene (isotropic solution). 

C, 65.0 per cent Triton X-lOO, 25.5 per cent water, 11.5 per cent benzene (liquid crystal). 

D, 44.2 per cent Triton X-lOO, 37.0 per cent water, 18.8 per cent benzene (mixed isot ropic ami 
liquid-crystalline) ; the faint- inner circle is the diffraction from the isotropic phase; the four 
spots are diffraction from the liquid -crystal line phase. 

Figures 14, 15, and Hi are reproductions of some typical x-ray diffraction pat- 
terns of aqueous systems of non-ionic detergents. Thest? were all 12-hr. expo- 
sures with Cu Ka radiation, and a sample-to-film distance of 2(K) mm. They have 
been reproduced actual size. 




X-IIA.T jtavBMmmi stust or oBnmacNxs 


129 


GlEMSBAl. CONCLUSIONS AND SUUMABT 

From Uie information obtained in this investigation, one can see that, beyond a 
doubt, aqueous i^stems of some non-ionic detergents have a definite repeating 
structure that will diffract x-rays. By analogy with the lamellar structure found 
for aqueous ^sterns of ionic detergents, together with supporting x-ray evidence 
(oriented diffraction, the ratio of the various orders of diffraction to each other, 
i.e., 1:2:3, and the variation of long spacing with concentration), it is evident 
that this repeating structure is of a lamellar type, rather than a hexagonal l^npe 
as found by Bmial and Fankuchen (1) for aqueous systems of tobacco mosaic 
virus. 

However, not all aqueous systems of non-ionic detergents or surface-active 
materials give a lamellar structure (e.g., Triton X-100), and not all aqueous sys- 
tems give tiie same type of lamellar structure. Some (Detergent “X”, Emulphor 
O, and some concentrations of the system Triton X-lOO-water-bensene) are iso- 
tropic solutions vdiich probably contain lamellar micelles similar to those found in 
solutions of ionic detergents. The rest (di^ycol monolaurate, ^yoeryl mono- 
laurate, polyethylene ^ycol 400 mondaurate, a-n-decyl ^yceiyl ether, and some 
concentrations of the system Triton X-lOO-water-beneene) ^ve liquid-crystal- 
line systems 'v^ch consist of regular alternating layers of detei^ent mdecules 
and water molecules; some of these systems also contain lavers of hydrophobic 
material. Whether or not the aqueous systems of one of these detergents will 
have a lamellar structure and what sort of lamellar structure depends on the 
type of hydrophilic group and the length of this group relative to the length of 
hydrocarbon chain. The presence of a hydrocarbon or other hydrophobic ma- 
terial in the system has a strong influence toward the formation of a lamellar 
structure of either type. 

A good deal of evidence has been presented to show that some detergent mole- 
cules are tilted in these lamellar layers or miceUes at an angle to the basal plane 
(dig^ycd mondaurate, glyceryl mondaurate, a-n-decyl glyceryl ether), whereas 
others are perpendicular to the basal plane (Triton X- 100-water-benzene sys- 
tems). This an(^e of tilt could not be determined accurately, but it is in the 
neighborhood of 50° and may vary for different substances. This existence of an 
angle of tilt of other than 90° is contrary to what has always been assumed (for 
simplicity’s sake) to be the case for aqueoiis systems of ionic detergents. 

It has been shown that some of the water in these lamellar structure is between 
the detergent chains, besides that existing in the lamellar layers or between the 
micelles. It is probable that tlus water goes between the chains by hydrogen 
bonding to the ether oxygen atoms prior to the formation of the lamellar layers. 

A new model of an ideal, hydrous, smectic, liquid-crystalline system has been 
set up and analyzed. It has been extremely useful in the interpretation of the 
experimental results of this investigation, and should be useful in the study of 
other h3rdrouB liquid-crystalline systems, a number of which arc known in the 
biolc^cal sciences. 

Grateful thn,nlr« are extended to Lever Brothers Company, whose generous 
fellowship has made possible this study. 
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C^RITICAL MICELLE CONCENTRATIONS AS DETERMINED 
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There are a number of methods which have been applied to the determination 
of the critical micelle concentration (C.M.C.) of soaps and detergents, but most 
of them have involved some extraneous influence. For example, conductivity 
and transport-number determinations require the application of external electric 
forces (24, 30) ; the spectral dye method reciuires the use of dyes (3, 13) ; solubiliza- 
tion studies require the use of dyes or hydrocarbons (10,19, 21) ; and viscosity 
involves the application of a shearing force (29) . No evidence has been advanced 
to show that the application of electric forces as in conductivity measurements 
has any effect on the C.M.C. value, but this possibility must not be precluded. 

^ Presented at the Twenty -first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 

* Present address: Chemical 6c Physical Research Laboratories, Firestone Tire Sc Rubl>er 
Company, Akron, Ohio. 
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It has been shown (16) that the C.M.C. values determined by use of the spectral 
dye method were at all times smaller than those determined by conductivity and 
by solubility-temperature measurements. In addition, those C.M.C. values 
which were determined by solubilization were also lower than those obtained 
from other measurements. This is in agreement with the reported lowering of 
C.M.C. which occurs upon the addition of a hydrocarbon to a soap solution (17). 

The use of refraction to show changes in aggregation has been applied to many 
colloid systems, and its direct application to the determination of C.M.C. in the 
case of sodium lauryl sulfate has been demonstrated by Hess, Philippoff, and 
Kiessig (11). Further preliminary studies on various fatty acid soaps and on a 
series of sodium alkyl sulfonates have substantiated the validity of this method 
(12, 15). No changes can occur in the equilibrium composition of soap solutions 
during measurement of refraction, for this metluxl does not involve the addition 
of an extraneous subst>ance or the application of some external field of force. 

The instrument used for these measurements was a Rayleigh-Haber-Lowe 
type of interferometer. The portable model used contains a mirror system which 
allows the light beam to pass twice through the sample. Thus the effective length 
of the cell is doubled, in<^reasing the range and accuracy considerably. The 
effective layer thickness used for most measurements, especially those of dilute 
solutions, w^as 160.290 mm. The entire instrument, except for the operating 
and recording portion, was placed in a thermostat and the tcmperatui-e was 
controlled by water circulation. Temperatures did not vary by more than 
±0.003®C^ For a large number of organic compounds the refractive index 
changes by 1-2 in the fourth place upon a change in temperature of 1°C. How- 
ever, extreme care did not have to be taken as to temperature control in these 
measurements, for the interferometer is a differential-type instrument, i.e., the 
optics permit the determination of the difference in refractive indices of solvent 
and solution simultaneously. Although the temperature at which the measure- 
ments were made did not have to be carefully controlled, it was necessary to 
determine accurately the temperature of solvent and solution at the time the 
readings were made. To insure etjuilibrium between solvent and solution and 
the small separate water bath in which the interferometer cell was suspended, 
dial readings were made at intervals of 5 min. until constant values were ob- 
tained. The weter bath w^as stirred to hasten this equilibrium. Temperature 
readings were made with a calibrated Beckmann thermometer. 

At higher tcraperatures, use of the standard cover slips supplied with the 
interferometer cells was not sufficient to prevent evaporation, as was seen by the 
schlieren effect of the interference bands which are used to measure An, the dif- 
ference in refractive index between solution and solvent. A set of cell covers 
which could be sealed to the glass and metal portion of the interferometer cell by 
waxes which were not solubilized by soap solutions was used at higher tempera- 
tures. Wax seals were made semipermanent, and the cells w^ere filled through a 
hole in the cover slip to w'hich a tube with a standard taper at its end w^as 
attached. By means of this assembly, An values could be determined at tem- 
peratures as high as 70®C. without any error due to the instability of the inter- 
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fereo.ce bands. A similar assemb^ proved very satisfactory in previous work 
with volatile solvents. All dial readings were made in triplicate and the average 
value used for the determination of An. The instrument was calibrated by the 
use of standard sodium chloride solutions. The usual accuracy in An in these 
measurements was 2 X 10~’. Kruis and Geffcken (5) have described pre- 
cautions and refinements which would allow an accuracy in An of 1 X 10~*, but 
this d^;ree of accuracy was not necessary in these determinations. 

The fatty acid soaps were prepared by multiple fractionation of the corre- 
^(Hiding esters, followed by saponification and repeated recrystallisations first 



Fig. 1. Variation in refractive indices of sodium alkyl sulfonates with concentration. 
Arrow denotes break in curve which is the critical micelle concentration. 

from ethanol and finally from acetone. The sodium alkyl sulfonates, kindly 
supplied by Professor H. V. Tartar, are samples similar to those used by him and 
his coworkers as reported in their publications (28, 29, 30). The nmino hydro- 
chlorides, supplied by the Research Laboratories of Armour and Company, were 
subsequently recrystallized five timra. Various properties of these cationic 
detergents have been described by Ralston, Hoerr, and others in various papers 
<24). 

The change in d^ree of aggregation of soap molecules as the C.M.C. is passed 
is shown by a change in slope of two lines which represent the measured re- 
ihwQtive-mdex difference between that of the total system and that of water 
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(An) as a function of concentration. The curves in figure 1 show the changes in 
refractive index with concentration for the sodium alkyl sulfonate series. The 
value of the slope, A(Aw)/Ac, where A(An) is the difference in refractive-index 
increments of two solutions whose concentration difference is Ac, for these 
detergents as well as those obtained for the fatty acid soaps and the cationic 
amine hydrochlorides are collected in table 1. The difference in the slopes in 


TABLE ] 

Values of slope, A(An)/Ac, for various soaps 



SOAP 

SLOPE (X 10*) 

CHANGE IN SLOPE BETWEEN 
NEIGBBOBING MEMBEBS IN THE 
SEMES (X 10*) 

1 

PEE CENT 
XNCBEASE 

IN SLOPE 



Below C.M.C. 1 

Above CJM.C. 

Below C.M.C. 

Above C.M.C. j 

Potassium fatty acid soaps 

Cio — 


312 

292 

57 

53 

17.0 

0.. .... 


369 

345 

34 

36 

9.5 

Cu.... 


403 

3Kl 





Sodium alkyl sulfonates 


t'. . 

303 

1 284 






! 1 
1 

40 

43 

13.5 

Cio . • 

343 1 

' 327 1 

i 




! 


34 

40 

15.0 

c.. 

379 

367 

1 



1 

1 


45 ; 

30 

10.0 



424 

397 







37 

41 

S.5 

c,. 

461 

438 





Alkylaminc hydrochlorides 


Cii 

407 

376 







30 

32 

7.5 

Cl4 - . 

437 

408 







29 

30 

6.5 

P 

466 

438 





a homologous series seems, within experimental error, to be fairly uniform and 
is probably a function of additivity due to the stepwise increase in chain lemgth. 
These incremmits are included in table 1 and, although their numerical increase 
is not uniform per unit increase in chain length, the percentage rise in slope values 
is numerically similar to the corresponding changes in C.M.C. These data are 
shown in table 2. The regularity of the per cent decrease in the fatty acid soaps 
and in the alkyl sulfonates was indicative of a relationship which has been de- 
veloped below. Meamirements at different temperatures as seen in the results in 
table 2 probably account for some of the irr^larity noted. 
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The data for typical systems, where the changes in refractive index at 26®C. of 
potassium laurate and sodium dodecyl sulfonate at 35®C. with concentration are 
shown, are collected in tables 3 and 4. The reliability of the data is illustrated 
in %ure 2, where chord plots of the values in table 3 are dra^v’^^. These plots are 

TABLE 2 


Critical micelle concentrations as determined by refraction 


SOAP 

TEMPESATUSE 

C.M.C. 

DECREASE IN C.M.C. 

Fatty acid soaps 




•c. 

moles per liter 

per cent 

KCg. ... 



25 

0.39 

75 

KC,o... 



25 

0.098 

74 

KCi,.. 



25 

0.0255 

74 

KCh . . 



25 

0.0066 

73 

KCu. 



35 

0.0018 





Sodium alkyl sulfojiates 

« 

C. .. 



25 

0.155 

74 

Cto. . . . 



25 

0.041 

76 

Cl, . .. 



35 

0.010 

71 

Cu ... 



45 

0.0029 

69 

Ci, 



52 

0.0009 


Alkyl amine hydrochlorides 

n.a 1 

25 

0.04 





67 

C„ 



30 

0.013 







76 

C.4 



40 

0.0031 

74 

C,,.... 



50 

0.008 

69 

Cu 



60 

0.00025 



measures of the change in An with concentration, i.e., A(An)/Ac, as functions of 
conc^tration. This manner of plotting these data shows more strikingly the 
break in An with concentration at the C.M.C. The averages of the chord plot 
values are those which would correspond to the values of the slopes of the lines in 
ttie plots of An as a function of concentration. 
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TEMPERATURE EFFECTS 

Various results have been reported regarding the effect of temperature on the 
C.M.C. From conductivity measurements of sodium alkyl sulfonate solutions 
by Wright, Abbott, Sivcrtz, and Tartar (30), of alkylamine hydrochlorides by 

TABLE 3 


Refractive indices of potassivm laurate (26°C.) 


(X 102) 

AiVV « Ac (X 102) 

A»f (X 10*) 

A(An) (X 10«) 

^ (X .0., 

0.432 

1.083 

0.1633 

4.100 

3.78 

1.515 

0.274 

0.5733 

1.027 

3.76 

1.789 

0.300 

0.6760 

1.120 

3.73 

2 089 

0.259 

0.7880 

0.979 

3.77 

2.348 

0.132 

0.8859 

0.498 

3.77 

2. -4 so 

0.066 

0.9357 

0.247 

3.75 

2.546 

0.057 

0.96(H 

0 202 

3.54 

2.603 

0.052 

0.9806 

0.191 

3.60 

2.655 

0.148 

0.9997 

0.502 

3.39 

2.803 

0.116 

1.0499 

0.401 

3.45 

2 919 1 

0.410 

l.OiKX) 

1.440 

3.51 

3.32<) 

0.436 

1.2340 

1.522 

3.49 

3.765 

1 1.490 

1.3862 

5.219 

3.50 

5.255 

1.089 

1.9081 

3.793 

3.48 

6.344 

0.973 

2.2874 

2.391 

3.46 

7.317 

1.083 

2.6265 

3.755 

3.45 

8.400 


3.0020 




Ralston and Hoerr (24), and of other soap solutions by various workers it has 
been shown that the C.M.C. increases with increasing temperature. Bury' and 
Parry, from density measurements of potassium laurate solutions, have shown 
that the C.M.C. decreases with increasing temperature (1 ). Ekwall has stated 
that the C.M.C. is temperature independent, on the basis of conductivity 
measurements on sodium fatty acid soap solutions (4). The applicationof the 
t^ectral dye method to temperature effects indicated that the C.M.C. decreased 
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with increasing temperature, but these results were diown to be a propertj^ of this 
particular method (16). These observations are due to changes in the spectra of 
the dyes which shift with changes in temperature. The decreases noted are 
caused by changes in the aggregation of the dye, and it is this factor rather than 
the formation of micelles which brings about this reported decrease in C.M.C. 

TABIiE 4 


liefracdve indices of sodium dodecyl sulfonate {SS°C.) 


(X 10«) 

ANtc - Ac (X 10») 

A« (X 10«) 

A(A») (X 10‘) 

(X 10») 

0.662 

0.004 

2.537 

3.56 

3.70 

0.756 

0.077 

2,803 

2.92 

3.70 

0.833 

0.070 

3.185 

2.67 

3.80 

0.906 

0.029 

3.452 

1 . 10 - 

3.78 

0.035 

0.028 

3.562 

1.06 

3.77 

0.063 1 

i 

0.027 

3.668 

1.02 

j 

3.79 

0.000 

0.058 

3.770 

2 20 

3 . so 

1.048 

1 

0.068 

3.000 

j 

2.48 

3.65 

1.116 

0.002 

4.238 

3.35 

3.64 

1 . 20 S 

0.137 

4.573 

2.08 

3.61 

1.345 

0.183 

5.071 

1 6.71 

3.67 

1.528 

0.226 

5.742 

t 8.27 

3.66 

1.754 

0.190 

6.569 

i 

6.<)0 

3.68 

1.044 

0.216 

7.268 

1 7.05 

3 . 6 S 

2.160 

0.160 

8.063 

5.87 

3.67 

2.320 


8.650 




The data in table 5 indicate that the C.M.C. of various soaps and detergents 
increases with increase in temperature as determined by refraction. This is true 
not only of anionic but also of cationic detergents. A plot of a portion of these 
data as seen in figure 3 indicates that the C.M.C. does not change much in tbie 
r^on betwem 20-40®C. but that the increase is much larger above 40®C. This 
suggests that this temperature dependmce of micelle formaticm might yield some 
informaticm as to forces of attraction between molecules in a micelle. 
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fFiG. 2. Chord area plot of change in refractive-index increment with potaasiuni laurate 
concentration (25®C.)» showing break at critical micelle concentration. 

TABLE 5 


Change in critical micelle concentrations with temperature 


TEUPF.KATU1C 

C.M.C. 

1 TEMPEXATUSK 

C.M.C. 

Sodium decyl sulfonate 

Potassium laurate 

*C. 

moles per liter 

•c. 

moles per liter 

25 

0.041 

25 

0.0255 



30 

0.0260 

35 

0.042 

35 

0.0270 

45 

0.045 

45 

0.0305 

55 

0.049 

55 

0.0350 

65 

0.055 

65 

0.0420 

Sodium dodecyl sulfonate 

Potassium myristate 



25 

0.0066 

35 

0.010 

35 

0.0070 

45 

0.011 

45 

0.0074 

55 

0.012 

55 

0.0079 

65 

0.01.4 

65 

0.0086 


The results in table 5 indicate that the C.M.C. as measured by refraction in- 
creases with increasing temperature, is symbatic with corresponding changes 
observed from conductivity and density measurements (24, 29, 30), and is anti- 
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batic with the C.M.C values as determined by the spectral dye method. These 
refraction data seem to agree with the conception that most colloidal aggregations 
are temperature dependent and that they will have less tendency to aggregate at 
elevated temperatures, owing to increased thermal agitation of the coalescing 
units. 

A presentation of the data showing the change in C.M.C. with increase in 
chain length at a definite temperature as seen in table 6 indicates that there is a 
definite correlation between C.M.C. and chain length. The data are satisfied 
approximately by the following equation: 

6— c 

C.M.C. = a{2n)~^ 



Fig. 3. Effect of temperature upon critical micelle concentration of (A) sodium decyl 
sulfonate and (B) potassium laurate. 

in which b = f(a, T). In the above a = a constant characteristic of the most 
insoluble member of the particular homologous series at the temperature at 
which the measurements are made; 6 = a constant equal to the maximum num- 
ber of carbon atoms in the least soluble member of the particular homologous 
series at a definite temperature (6 thus is dependent on a and the temperature, T ) ; 
c = the number of carbon atoms in the hydrocarbon chain ; and n = 2 f or an even 
number of carbon atoms and 1 for an odd number of carbon atoms. 

ITie values of the constant, o, at various temperatures are presented in table 7. 
These data are used to calculate the C.M.C. of various soaps at definite tem- 
peratures. A comparison of the experimental with the calculated values, as well 
as predicted values for the various soaps containing odd numbers of carbon 
atoms, is included m table 6. There are at tlie present time no data available 
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on these soaps with an odd number of carbon atoms except those of Hess, 
Philippoff, and Kiessig (11). Since their data do not agree with the present 
results nor with those of Ekwall (4) or Stauff (27) in the case of the soaps with 


TABLE 6 

Effect of change in chain length on the critical micelle concentration 


KUMBEl OF CAKBON ATOMS IN CHAIN 

T - 

2S*C. 

T - 

45‘*C. 

, Observed 

Calculated 

Observed i 

I Calculated 

Potassium fatty acid soaps 

Ci« . . 



0.0019 

0.0019 





0.0038 

Cu 

0.0066 

0.0066 

0.0074 

0.0076 

Cu , . 


0.013 


0.015 

Cu 

0.0255 

0.0264 

0.0305 

0.03 

c., 


0.052 


0.06 

c„ 

0.098 

0.10 

0.118 ^ 

0.12 

c, .. . 


0.20 


0.24 

c, , 

0.39 

0.40 

0.45 

0.48 

c, .. 


0.80 


0.95 

c, . . 

1.55 

1.60 


1.90 

Cl. 

(2.5)* 

6.4 




Sodium alkyl sulfonates 



T « 

40X. 

1 

50*C. 

Cis 





Cl4. ' 

0,0025 

0.0025 

0.0029 


Cl, . 

0.010 

0.010 

0.011 


Cio 

0.041 


0.045 


C. . 

0.162 

0.16 

0.177 

! 0.175 


Alkyltrimethylammonium bromides 



3^ * 

25“C. 

T 

60X. 



Cl4 ■ I 



0.0010 

(0.004) 

0.0010 

0,004 

C„ 

C.o 

I 

0.0164 

0.0164 

0.019 

0.016 

0.068 

0.14 

0.066 

0.26 

0.075 

0.07 


* Bury and Parry (1). 


an even number of carbon atoms, no comparison with their results has been 

attenqjted. . , , u r 

Figure 4 shows a plot of the logarithm of C.M.C. as a function of the number of 

carbon atoms in the straight-chain hydrocarbon portion of the soap molecule. 
The data of EkwaB and of Stauflf on the sodium fatty acid soaps are included wdth 
the data on potassium soaps. It has been shown that the sodium and potassium 



TAliLE 7 

Values of constant a at various temperatures 



Number Carbon Atoms in Chain 


Fig. 4. Change in critical micelle concentration with increase in chain length as de- 
termined by various methods. Curve 1, potassium fatty acid soaps {45®C., refraction); 
clear circles are data on sodium fatty acid soaps (17-80°C., conductivity (4)); curve 2, 
potassium fatty acid soaps (25®C,, refraction) ; curve 3, alkyl trimethylammonium bromides 
(25®C., conductivity (25)); curve 4, sodium alkyl sulfonates (56®C., refraction); curve 6, 
sodium alkyl sulfonates (60°C., conductivity (3)). 
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salts of various fatty acids, although quite different as to solubility, have identical 
values of C.M.C. The values obtained by these two authors scatter somewhat 
from the data obtained in the present measurements. EkwalPs measurements 
were made at various temperatures between 17® and 80°C., and he reported no 
change in C.M.C% with temperature which does not agree with other results. 
The effect of temperature on the C.M.C. can be noted by a comparison of 
curves 1 and 2 in figure 4. Curve 1 includes the data of the fatty acid soaps at 
25®C.; curve 2 those at 45®C. 

The values of C.M.C. at G0°C. for the sodium alkyl sulfonates (30) as deter- 
mined by conductivity are compared with values as determined by refraction at 
50®C. in curves 4 and 5. The refraction data are obtained from interpolation of 
the curves of C.M.C. vs. temperature. It can be seen that there is again good 
agreement between these two methexis of C.M.C. determination. 

One important series of cationic detergents, the alkylamine hydrochlorides, 
was found not to fit this general relationship. These values were taken from the 
conductivity data of Ralston and Hoerr (24). It was thought that perhaps 
only the anionic soaps followed the proposed equation, but the data on the 
alkyltrimethylammonium bromides (25) (cuive 3, figure 4) indicate that the 
cationics also can be eciuated similarly. The data in curx’es 1-5 are for soaps 
which were prepared from highly purified alcohols and esters previous to saponifi- 
cation. The amine hydrochlorides may contain a small amount of the next 
liighcr homolog and the system would act like a soap mixture having a lower 
C.M.C. than the pure soap (13). The addition of a small amount of an im- 
purity, — another soap, an electrolyte, a hj'^drocarbon or oil, or the fatty acid of 
the soap, — will cause a decrease in the C.M.C. of the pure soap. 

EFFECT OF ADDED ELECTROLYTES 

As has been stated above, the addition of an electrolyte will at all times cause 
some deci’ease in the (^.M.C. of a soap. Murray (22) indicated that the Krafft 
point (temperature above which a substance is exceedingly soluble) of potassium 
cetyl sulfonate is raised by the addition of potassium chloride. Hartley and 
Runnicles (9) noted thal in sodium chloride solut ions there was a decrease in the 
amount of paraffin-chain salts necessary to obtain the same diffusion coefficient 
obtained with a salt -free system. Hartle3’^ (6, 8) reported a decrease in the 
C^M.C*. of cetylpyridinium chloride from 0.0009 N to less than 0.0001 N in the 
presence of 0.032 N sodium chloride. Tartar and Cadle (28) have shown that 
the breaks in the solubility curves of sodium alkyl sulfonates shift toward higher 
temperatures and lower concentrations as the concentration of sodium chloride 
increases. On the basis of the above results, it was stated that the solubility of 
the detergents, at temperatures which are below those required for micelle forma- 
tion, can be described by an activity product relationship. Using the Oebye- 
Huckel theory for the activit^^ coefficient of an electrolyte in solutions of different 
ionic strengths, they show that the mass action law is valid in the case of the 
transition from ionic to micellar soap as veil as in the transition from ionic to 
ciystalline solid soap. Wright and Tartar (29) stated that a decrease in the 
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degree of ionization would increase the stability of the micelle, owing to a lower- 
ing of the electrical charge. Since this would be affected by cation concentration 
in the case of anionic soaps, a decrease in C.M.C. would be expected in the case 
of the addition of sodium chloride. Wright, Abbott, Sivertz, and Tartar (30) 
have shown that in solutions which were equimolal with respect to sodium 
chloride and to sodium lauryl sulfonate the C.M.C. decreased by 26 per cent. 

If an addition of a number of positive ions is made to a solution of an anionic 
soap, the concentration of gegenions in the vicinity of the soap molecules will 
increase considerably. This would bring about a decrease in the degree of ioni- 
zation and should enhance the stability of the micelle. It would follow then that 
this addition of an electrolyte would be coupled with a lower value of the C.M.C. 

Tartar and his coworkers (28, 30) had previously stated that, on the basis of 
their preliminary conductivity and solubility studies, the addition of electrolytes 
indicates that the behavior of micellization in soap solutions follows the principle 
of ionic strength or the Debye-Hiickel relationships. Corrin and Harkins (2), 
in their more extensive work in which they used various dyes to follow micelle 
formation, state that these relationships do not explain the behavior of micelle 
formation. The use of the dye technique (3), based on the earlier reported work 
of Hartley (7) and Sheppard and Geddes (26), has been shown to yield values 
which were at all times smaller than those determined by conductivity, by solu- 
bility, or by refraction (15, 16). This may be due to one of a number of factors: 
( 1 ) the dye could act as a salt and, as has been shown by reference to previous 
work, would cause a decrease in the C.M.C.; ( 2 ) the dye could act like a hydro- 
carbon and in this way would also cause a decrease in the C.M.C. (17, 20, 23); 
and (5) from previous reported data on the increase in fluorescence of dyes at the 
C.M.C. (14, 17) due to adsorption and orientation of the dye in or on the micelle, 
it can be deduced that the dye forms a complex or a mixed micelle with the soap. 
It has been shown recently that the C.M.C. of a soap is decreased by the addition 
of another soap with a lower C.M.C. (13). Also, some unreported work of 
the author indicates that the addition of long-chain alcohols and fatty acids to 
soaps depresses the C.M.C., and there is some suggestion that as in the case of 
the dye-soap and the soap-soap mixtures, a mixed micelle is formed. 

It was of interest to determine whether the results reported as to the non- 
applicability of the mass action law could be obtained by refraction studies. 
Since it had been shown that hydrolysis played no part in these results, for similar 
results had been found in the case of alkyl sulfonates, alkyl sulfates, and fatty 
acid soaps (2, 30), the following study w^as made with potassium laurate. 

The procedure used involved the addition of potassium laurate to salt solutions, 
followed by the determination of the refractive indices of these solutions. For 
each series, two straight lines were obtained which were similar to those shown in 
figure 1 . The intersection of each pair of lines is the C.M.C., and the values ob- 
tained for these are collected in table 8. It can be seen from these data that the 
C.M.C. is reduced to a fairly constant value, which is not affected by further 
increase in salt concentration. This would indicate a high degree of saturation of 
gegenions which form an ionic cloud in the region of the micelles. Further in- 
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crease in salt concentration to about 0.5 N would then have little effect on the 
degree of ionization, for the added ions would not on the average approach the 
micelle through the ionic cloud of the gegenions. At higher salt concentrations 

TABLE 8 


Effect of added electrolytes upon critical micelle concentration of potassium laurate 


MOLAKITY or SALT 

C.M.C. (X 10») 

C.M.C. (PUM soap) 
C.M,C. (with salt) 

activity product (X 10*) 

Potassium chloride 


males per liter 



0 

2.55 



0.0252 

1,59 

1.60 

0.40 

0.0670 

1.19 

2.14 

0.79 

0.1005 

1.02 

2.50 

1.02 

0.2124 

0,71 

3.60 

1.51 

0.3825 

0.48 

5.32 

1.83 

0.5014 

0.41 

6.22 

2.02 

Potassium bromide 

0.0265 

1.55 

1.64 

0.25 

0 . 1 735 

0.79 

4.04 

1.37 

Potassium iodide 

0.0166 

1.81 

1.41 

0.30 

0.2615 

0.63 

4.04 

2.54 

Potassium nitrate 

0 0306 

1.54 

1.65 

0.47 

0.1380 

0.88 

2.90 

1.21 

0.3331 

0.53 

4.81 ' 

1.70 

Potassium sulfate 

0.0188 

1.41 

1.81 

0.53 

0.0525 

1.03 

2.47 I 

1.13 

0.1375 

0.59 

! 

4.33 

I 

1.62 

Potassium pj’rophosphate 

0.0187 

0.88 

2.36 

0.66 

0.0507 

0.69 

3.70 

1.39 

0.0742 

0.53 

4.80 

1.66 


the typical* salting-out effect would occur, with crj^stallization of the soap taking 
place. This would probably involve a fairly definite and somewhat orderly 
aggregation of micelles. 

When the above data are plotted as in figure 5, it can be seen that the decrease 
in C.M.C. of potassium laurate, an anionic soap, is affected only by the equivalent 
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concentration of the added electrolyte. The use of Br~, I“, or NOs~ in place of 
Cl“ has little or no measurable effect on the change in C.M.C. These results, 
although the actual values are different from those determined by dye titration, 
are in agreement with previous findings (2). The data showing the effect of the 
addition of potassium sulfate and potassium pyrophosphate are included in 
table 8 and these C.M.C. values are shown to fall on the curve in figure 5. 



Fio. 6. Change in critical micelle concentration of potassium laurate in the presence of 
added electrolytes (25'’C.). 

It is evident from the above that the activity product concept cannot fit the 
data, and that the concept advanced by Corrin and Harkins is probably correct. 
Data in table 8 indicate that the activity product Increases with increasing 
equivalent concentration of additive. 

SOAP MIXTURES 

Recently a preliminary report has shown the change in C.M.C. in the case of 
soap mixtures, as determined by spectral changes in dye solutions (13). These 
preliminary results indicated that over a certain mole fraction range the soap 
with the higher C.M.C. acted like a salt, depressing the C.M.C. of the other soap. 
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Corre^onding changes in refraction could be used to determine additional 
properties of these mixed micelles. 

It was necessary, in order to obtain C.M.C. from the intersection of two 
lines of refractive index vs, concentration, to have a constant mole ratio 
(moles of one soap/total moles of soap in mixture) for each series. Dilutions 
were made then, by weight, from stock solutions having definite mole ratios. 
The data in table 9 and figure 6 are the C.M.C. values obtained by the above 
method for various soap mixtures. The curves obtained are similar to those 
obtained by the spectral dye method, except for a vertical displacement of the 

TABLE 9 


Critical micelle concentrations of soap mixtures 


MOLE FRACTION X.Cl4 

C.M.C. or KDCTUKE 

C.M.C. (mmiaE) 

C.M.C. (KCu) 

Potassium myristate 4- potassium laurate 

0 

0.0255 

3.86 

0.152 ! 

0.014 i 

2.12 

0 301 

0.011 

1.67 

0.452 : 

0.010 

1.52 

0.645 i 

0.0078 

1.18 

1.0 

0.0066 

1.0 


Potassiuiii myristate 4* potassium caprate 


0 i 

0.099 ! 

! 15.63 

o.no 

0.052 

1 7.88 

0.305 

0.015 

2.27 

0.450 1 

0.012 

1 .82 

1.0 j 

0.0066 

1 1.0 

Potassium myristate 4- sodium lauryl sulfate 

0 

j 0.0058 

0.88 

0.380 

0.0064 1 

0.97 

0.645 

0.0062 

0.94 

1.0 

0.0066 

1 1.0 


cur\ es, which can be explained by the differences found in the C.M.C. of the 
pure soaps due to the method used. The spectral dye values were found in all 
cases to be smaller than those determined by refraction or by conductivity as 
has been shown previously (16). 

The data in figure 0 indicate that the largest change in C.M.C. occurs when 
there is the largest difference in the C.M.C. of the pure soaps. At all times the 
C.M.C. of the mixture lies between those of the pure soaps. This is further 
exemplified in the case of mixtures of potassium myristate and sodium dodecyl 
sulfate, which have about the same initial C.M.C. There is, as can be seen in 
figure G, practically no change in C.M.C. upon the mixing of these two soaps. 
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The difference in the tendency of pure soaps to form micelles will control the 
micelle formation of their “mixtures. The rate of decrease in C.M.C. of the 
mixture will be largest at low mole fractions of the soap with the lower C.M.C. ; 
the greater the difference in the C.M.C. of the pure soaps, the greater will be the 
effect tm the more soluble (higher C.M.C.) soap. 

The C.M.C. of th^ mixtures would correspond to the C.M.C. of the mixture 
of sodium dodecyl sulfonate and calcium dodecyl sulfonate. The latter C.M.C. 



Fig. 6. Critical micelle concentrations of mixtures of potassium myristate and other 
soaps {26°C.). 

value could be obtained, as has been shown in the case of soap-hydrocarbon 
mixtures (10), from the minimum of the solubility curve of the calcium soap in 
sodium dodecyl sulfonate. This latter effect has been shown to be one of a 
number of solubilization types in which solubilization involves the formation of 
mixed aggr^ates (18). From this point of view, it is obvious that at con- 
centrations above the C. M.C. solubilization is occurring in which the less 
soluble soap is being solubilized by the more soluble one. 

SUMMARY 

1. Rrfractive indices of dilute soap solutions are characterized by two straight 
lines which intersect at the critical micelle concentration (C.M.C.). 
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^ 2. The critical micelle concentration of soap solutions is seen to increase with 
temperature. There was little increase over the range 20-40®C., but a marked 
increase occurred above 40°C, 

3. A relationship is presented which shows that the critical micelle concentra- 
tion of a member of a series can be determined if the values of other members of 
the same series are known. The critical micelle concentration is a logarithmic 
function of the number of carbon atonLs in the hydrocarbon chain. 

4. The addition of elec*.trolytes to soap solutions decreases the critical micelle 
concentration but this decrease does not follow the mass action law. The 
addition of potassium chloride to potassium laurate decreases the critical micelle 
concentration to less than 15 per cent of the original value. 

5. Soap mixtures have critical micelle concentration values which are inter- 
mediate between the original values. Small mole ratios of the less soluble soap 
will show the largest changes in critical micelle concentration of the mixtures. 
In considering soap mixtures, the difference in the tendency of different soaps to 
form micelles controls the micelle formation of their mixtures. 
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ELECTRICAL CONDUCTIVITY OF CRYSTALLINE AND 
LIQUID-CRYSTALLINE SOAP-WATER SYSTEMS* 
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Department of Chemistry, University of Southern Calif omia, Los Angeles 7, California 

Received August S6, 1947 

The present study was undertaken with a twofold objective: first, to deter- 
mine phase boundaries in soap systems in regions of composition and tempera- 
ture where other methods have failed, and second, to leam more about the 
nature of the various phases and the changes occurring at the observed transi- 
tions. Phase changes can be deduced from changes in slope of the resistance- 
temperature curves, while the absolute values of the conductance, both a.c. and 
D.C., and their dependence on temperature and frequency help to distinguish 
between dipole oscillation, surface conductivity, and ionic or micellar migration 
as the mechanism of the process. In some instances these data can also be used 
to deduce possible internal structures of the different phases. 

Preliminary experiments were carried out with anhydrous sodium palmitate. 
Systems of anhydrous and hydrous sodium stearate up to 12.8 weight per cent 
water were then investigated with varying thermal and pressure treatment before 
and during measurement. Specific conductances of two of the liquid-crystalline 
phases — soapboiler’s neat and middle soap — were also determined. 

Previous attempts to study the electrical properties of solid and semisolid 
soap systems have been few and relatively unsuccessful . Fischer and Hooker (9) 
determined the change in conductivity resulting from what we now know to be 
the separation of solid soap from solution, although they believed that it was due 
to inversion of an emulsion or solution. Bhatnagar and Prasad (2) studied the 
conductivity of “molten” alkali metal soaps at 182-207°C., but did not establish 
sufiSidently the purity and moisture content of their samples, nor were the 
questions of adequate electrode contact and possible chemical decomposition 
carefully considered. In the present investigation great pains were taken to 

* Presented at the Twenty-first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 

* Present address: Department of Chemistry, East Los Angeles Junior College, Los An- 
geles, California. 
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establish a valid experimental technique, and it was shown by comparison with 
previous literature that sharp changes in the slope of the resistance-temperature 
curves could be attributed to phase changes in the system. 



Fig, 1 . Schematic diagram of the bridge circuit ; the symbols are described in the text 
APPARATUS AND MATERIALS 

Conductivity bridge 

Conductivities were determined with a Wlieatstone bridge which was con- 
structed largely from ordinary radio parts® and is shown schematically in figure 1. 
The potential source for the bridge was an audio-frequency oscillator with a 
range of 20-20,000 cycles, giving a pure %vave form and having no frequency 

* Full details of circuit diagram and component parts can be found in the doctoral dis- 
sertation of M. J, Heldman, which is on file in the Library of the University of Southern 
California. The oscillator constructed was similar to model 200B of the Hewlett Packard 
Co,, Palo Alto, California, an instrument now conunercially available, but not purchasable 
at the time when this investigation was commenced. 
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drift after a half-hour of operation. An electronic null-point indicator using a 
“magic eye” tube was constructed, somevdiat modified from a previously de- 
scribed instrument (11, 13). A modified Wagner shield (12), made of radio 
volume controls, was incorporated as shown in figure 1. 

Reristance arms Ri and were made of carbon reristors and values of the 
ratio, needed in calculations, determined independently of the absolute values 
at frequent intervals so as to eliminate error due to change in resistance with 
time. The observed drift was only a few per cent per year. Ri,,* conasted of a 
combination of a 9999-ohm 4-decade Leeds & Northrop box and a 2-decade 
990,000-ohm box made partly of non-inductive resistors and partly of inductive 
10-watt 50,000-ohm resistors. These were calibrated against known resistances 
on a D.c. bridge. 

Within the range of 100-100,000 ohms and 100-5000 cycles the precision of 
measurement was a few tenths of a per cent. Below 100 ohms the reproducibility 
was within a few ohms, and was also poorer above 100,000 ohms, although still 
within a few per cent even at a megohm. 

Conductivity cells 

Most of the measurements were made in cells constructed of 7-mm. Coming 
glass tubing 705AJ or 772, into which were sealed respectively Kovar or tungsten 
wires of 0.05 cm. diameter. The electrodes were scaled parallel to each other 
through the bottom of the tube, about 3-6 mm. apart, and protruding into the 
tube from 3 to 9 mm. Since the tubes were originally about 15 cm. long, they 
could be opened and resealed repeatedly without difficulty. The wres were 
carefully cleaned (22) before use, and no visible indication of electrode corrosion 
or sample decomposition was ever detected. OH constants were calculated 
from measured resistances at 25°C^ of solutions of acetic acid of known concen- 
tration, using standard values (15) for the equivalent conductivity. 

During measurement several cells were suspended vertically in a small air 
oven, wired with one common electrode with the additional lead attached to a 
terminal strip, thus permitting easy substitution of any cell as the unknown 
resistance in the bridge. Temperature was determined by a calibrated ther- 
mometer placed in the midst of the group of cells, previous tests having shown 
no thermal gradients in the oven greater than one or two degrees over the range 
from 20° to 300°C. 

For work at temperatures l)elow 100°C. and with drier samples it was neces- 
sary to use a different cell in order to maintain electrode contact and reduce the 
resistance to measurable values. The cell used is shown in figure 2, and consisted 
essentially of a hollow cylinder serving as one electrode, the other electrode being 
a plunger which was maintained in contact with the sample by means of pressure 
froth a Carver press. The samples used were generally under 3 mm. in thickness, 
and the soap from which they were formed was not placed in the cell until the 
metal surfaces had been thoroughly cleaned, rinsed with alcohol and ether, 
and dried at 105°C. The cell was mounted in a stainless-steel can between the 
jaws of a Carver press, and maintained at temperature by means of dibutyl 
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phthalate circulated by a small centrifugal pump from a 2-gallon thermostat. 
Temperature control within 0.5® was achieved at temperatures from 20® to 
100®C., although supplementary cooling by tap water circulating through a 
copper coil was necessary at the lower temperatures. 



Fig. 2. The plunger cell. The diameter of the stainless -steel cylimier is 2.5 in.; the rest 
of the cell is drawn to scale. 

MaUriah 

The sodium palmitate used w’^as the identical preparation emplo^'ed in an 
earlier investigation (29). The sodium stearate was made by neutralization of 
an alcoholic solution of an unusually pure stearic a<'id (20) Avith carbonate-fiue, 
alcoholic sodium hydroxide with exclusion of carbon dioxide, special cai'e being 
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taken to avoid any excess of alkali which would have resulted in an electrolytic 
impurity. Great care was taken during the drying of the wet gel to avoid scorch- 
ing and decomposition (19). The best-quality soap made in this way, given the 
laboratory designation ^^sodium stearate was used throughout this in- 
vestigation. 

TECHNIQUE OF MEASUREMENT AND EXPERIMENTAL RESULTS 

Anhydrous sodium palmitate, sodium stearate systems with 0-12.8 per cent 
water, and two much more dilute samples were studied in the glass cells. Pow- 
dered soap, previously dried at 105®C., was weighed into the cell together with 
the requisite amount of water with not more than 2 min. exposure to air. Homo- 
genization was achieved by heating in the oven to about 300®C. and inverting 
fifteen or twenty times. After cooling, the tube was opened at the top and a 
glass rod inserted which filled most of the vapor space, thus minimizing change 
in sample composition at elevated temperatures. The cell was then resealed, 
reheated to 300°C., and cooled in the oven to about 50 to 6()°(\ over the course 
of an hour. 

With sodium palmitate, cell resistances were measured after enough time at 
each temperature to reach a constant value, only a few minutes teing required. 
Values for sodium stearate were determined on continuous heating at about 1° 
per 3-4 min. That this procedure gives valid results was shown by the good 
agreement in transition temperatures obtained from curv('s determined at dif- 
ferent rates of heating, although high results were found if the rate exceeded 1® 
per 2 min. At least duplicate runs were made over the tempcratim'. region where* 
transitions were expected on the basis of an initial preliminary run. 

The data obtained an' sho\m in figures 3-15, the vertical arrows marking the 
points of phase transitions. Runs beginning at (4evated tempcTatures wen* 
usually started after the sample had lxH*n held at the temix*rature in question 
ovei'night. Where two numlx*rs are given on the graphs, tla* first is the transi- 
tion temperature and the second is the identification niimlKU' under wliich the 
given transition appears in the summary of table 2. 

It is evident that the specific resistance of a given sample at a given tempcjra- 
ture often varied considerably from run to run, but that the lack of absolute 
reproducibility does not change the temperatures at which breaks appear in tlie 
resistance-temperature curves. The lack of absolute reproducibility is not sur- 
prising in view of the possibility of variable electrode contact, of the presencxi of 
submicroscopic cracks in the more solid phases, of lack of equilibrium due to the 
constantly changing temperature, or of slight corrosion of the electrodes (al- 
thougli none was observed). This irreproducibility causes no serious difficulty 
in the present work, where the main emphasis is on the temperatures of changes 
in slope, and in cases where the temperature coefficient of conductivity is calcu- 
lated, the variations in absolute value are negligible contrasted with the change 
resulting from a change in temperature. 

That the changes in slope of the resistance -temperature curves may be attri- 
buted to phase changes occurring in the sample is shown by the good agreement 




Fig. 3. Resistance-temperature curve for sodium palmitate containing 0.0 per cent 
water, determined at about 1000 cycles. O, measurements obtained when heated; □, 
measurements obtained when cooled. The vertical bars along the abscissa are tempera- 
tures of previously reported phase transitions (25). 

Fig. 4. Specific resistances of sodium stearate containing 0.0 per cent water, determined 
at 960 cycles. □, first run; O, second run; •, third run. 

Fig. 5. Specific resistances of sodium stearate containing 0.5 per cent water, determined 
at 420 cycles. □, first run (cooling); O, second run; #, third run (cooling). Some tabu- 
lated points were omitted for the sake of clarity in graphing. 

Fig. 6. Specific resistances of sodium stearate containing 1.0 per cent water, determined 
at 960 cycles. 0, first run ; A , second run ; 0 , third run ; 0 , fourth run ; • , fifth run. Some 
tabulated points were omitted for the sake of clarity in graphing. 
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Fjg. 7. Specific resistances of sodium stearate containing 2.0 per cent water, determined 
at 420 cycles. 0, first run (cooling); A, second run; G, third run (cooling); •, fourth 
run; 0, fifth run. Some tabulated points were omitted for the sake of clarity in graphing. 

Fig. 8. Specific resistances of sodium stearate containing 2.4 per cent water, determined 
at 960 cycles. 0, first run ; A, second run ; 0 , third run ; O , fourth run ; • , fifth run. Some 
tabulated points were omitted for the sake of clarity in graphing. 

Fig. 9. Specific resistances of sodium stearate containing 2.5 per cent water, determined 
at 420 cycles. 0 , first run (cooling) ; A, second run ; O , third run (cooling) ; • , fourth run; 
0y fifth run. Some tabulated points were omitted for the sake of clarity in graphing. 

Fig. 10. Specific resistances of sodium stearate containing 3.3 per cent water, determined 
at 960 cycles. 0, first run; 0, second run. 
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Fig. 11 . Hpecific resistances of scxiiiiin stearate containing 4.4 per cent water, determined 
at 960 cycles, 0, first run, A, second run; □, third turn; G, fourth run; •, fifth run. 
Some tabulated points were omitted for tlie sake of clarity in graphing. 

Fig. 12. Specific resistances of sodium stearate containing 6.5 per cent water, determined 
at 060 cycles. 0, first run; G, second run. Some tabulated points were omitted for the 
sake of clarity in graphing. * 

Fig. 13. Specific resistances of sodium stearate containing 12.8 per cent water, deter- 
mined at 960 cycles. □, first run; G, second run; •, third run. Some tabulated points 
were omitted for the sake of clarity in graphing. 

Fxg. 14. Specific resistances of sodium stearate containing 28.7 per cent water, deter- 
mined at 960 cycles. O , first run ; G , second run ; • third run. Some tabulated points were 
omitted for the sake of clarity in graphing. 
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between the temperature of these breaks and the established transition tempera- 
tures of known systems. Thus the curve for anhydrous sodium palmitate shows 
marked changes at 256° and 295'’C., compared with literature values of 253° 
and 295°C. (29). 

The data obtained with the plunger cell are summarized in table 1, which gives 
the temperatures of changes of slope in the resistance-temperature curves on 
samples prepared in the same way as those used in the ^ass cells. Great 
difficulties were encountered experimentally because of lack of attainment of 
constant value for the resistance as the pressure was varied, and because of 
changes of over-all composition of samples, not only during heating but also on 
application of pressure. Eesistances usually but not alwasrs decreased on in- 
crearing the pressure, and sometimes increased and sometimes decreased when the 



Fig. 15. Specific resistances of sodium stearate containing 69.3 per cent water, deter- 
mined at 960 cycles. O, first run; •, second run; Q, observations made with good contact 
at higher temperatures. 

system was allowed to stand at constant pressure. Moreover, when the pressure 
was released and then reapplied, a lower resistance was usually obtained than the 
initial value. During a run drier samples often absorbed water to a final value 
around 1 weight per cent, while .wetter samples usually lost water to a final com- 
position around 3.5 per cent. Merely keeping a sample at a pressure of 5000 
Ib./in.* for 1 hr. at room temperature lowered the water content from 9.4 to 
4.8 per cent. 

In order to obtain comparable data in a single run the following procedure was 
always followed. The sample was placed in the press at the lowest temperature 
at which the resistance was measurable and at a pressure (usually a few thousand 
pounds per square inch) at which a constant resistance measurement was 
obtained. Thereafter no adjustment of pressure was made, even though it 
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decreased somewhat owing to deformation of gaskets, etc. The temperature 
was then raised as rapidly as possible in 2° steps and the resistance measured 
after 20 min. standing at each temperature. Samples were analyzed for water 
content before and after each run by drying to constant weight at 105°C. In 
this way fairly reproducible temperatures of slope changes were obtained, al- 
though duplicate curves differed considerably in absolute value and occasionally 
in details of slope. 


TABLE 1 


Summary of conduclimelric results loith sodium stearate-water systems in plunger cells 


WATER CONTENT 

TEMPEIATDRES 

OF “bkeaxs” in the 

ADDITIONAL OBSERVATIONS 

Before run 

After run 

CURVES 

per cent 

per cent 

“C. 


0.44 

0.74 

77, 83, 89 

Definite flattening off of the curve at 

95“C. 

0.48 

1.06 

52 

The ‘‘break** noted is doubtful 

0.98 

1.10 

56 , 66 , 72 

The “break” at 56°C. is a discontinue us t 
one 

— 

0.93 

51, 73 


3.47 

3,40 

1 

1 

The “break** noted is discontinuousf 

i 

3.U0 

1 3.73 

52 

The “break** noted is discontinuoust 

3..')0 ! 

1 

j 

3.31 

i 

48, 52 

The two temperatures noted represent 
the beginning and end of a “hump** in 
the curve 

13.2 ' 

4.0 j 

51 , 69 

These samples had long and varied, but 

13.2 j 

t 

! 

3,6 ; 

50, 71 

different, pressure histories before the 
runs 


t I'hat is, there are discontinuities in the LRT curves at these temperatures. 
.* Logarithm of resistance i>s. temperature. 


niSCUSSION 
Phase boundaries 

Combination of the new conductivity data with existing information in the 
literature (18, 24, 26) has made possible rather definitive location of the bounda- 
ries of the higli-temperature phases of sodium stearate in the binary system, as 
sliown in figure 16. A brief r^sum^ rtII suffice to show how the curves were 
drawn from the existing data. 

Tlie eutectoid between subneat, superwaxy, and soapboiler’s neat soap is deter- 
mined by points 6, 9, 16, 19, 25, and 29, which occur at constant temperature 




TABLE 2 

Conductimetric changes occurring in sodium stearate systems of low water content 
(The numbers in parentheses refer to points on the LRT curves of figures 4 to 13) 
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Literature values: references 18.24,26. 
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independent of composition. The composition of the eutectoid at about 3.5 
per cent water is deduced by extrapolation of the right-hand boundary of the 
subneat field to the eutectoid temperature, confirmed by a difference in the nature 
of the change in the resistance-temperature curves at higher and lower composi- 
tions (c/. figures 9 and 10). 

The upper boundary of the subneat field is marked by points 2, 3, 7, 10, 17, 
and 20, at all of which there is evidence for decrease in amount of a phase having 
a very large temperature coefficient of conductivity. The uppermost point on 
this boundary, 2, is in good agreement with the known transition temperature of 
subneat to neat soap. 



liG. J6. Phase diagram of sodium stearate- water. •, previously reported phase transi- 
tions (18, 24, 26) . A full explanation of the meaning of other symbols is given in table 2. 

The upper boundary of the neat field is established by points 4, 8, and 12, which 
define a curve which extrapolates to a composition containing about 3.7 per cent 
water at the somewhat less certain eutectoid temperature of about 240^C. 

Points 13 and 22 agree reasonably well with the 7\ curve determined visually 
(18). An eutectoid flat just above 260®C. is indicated by points 12, 18, and 21, 
in good agreement with the value of 262*^0. postulated earlier (18) on the basis 
of the observed minimum in the T. curve. 

No direct conductimctric evidence w^as obtained for the eutectoid tetween 
superwaxy, waxy, and soapboiler’s neat soap. However, consideration of the 
right-hand boundaries of the superw’axy and wmy phases shows that it must 
occur close to 160*^(\ Points 33 and 34, although at about this temperature, are 
marked by the same type of change in the resistance-temperature curve as is 
point 40, which was known to be on the boundary of the soapboiler’s neat phase. 
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The hi^ resistance of samples with less than 2 per cent water made measure- 
ment of resistance impossible for such systems in the region of the subwaxy-waxy 
transition. However, points 14, 15, 23, 24, 26, and 27 are in good agreement 
with calorimetric data (26), indicating little change in this transition tempera- 
ture on addition of water, and establish the course of the waxy and subwaxy 
boundaries in the slightly more hydrous region. The eutectoid between waxy, 
subwaxy, and soapboiler’s neat soap is set at about 116°C. by points 26 and 31. 

The chief importance of these results is the demonstration that many of the 
anhydrous phases of sodium stearate can incorporate only very small amounts 
of water before undergoing structural rearrangement, as postulated elsewhere in 
this Journal (7), which results in the formation of a different phase. Thus, the 
conductimetric data, in agreement with calorimetric evidence (26), show that 
neat and subneat soap can incorporate only 4 and 3 per cent water, respectively, 
before breaking down to soapboiler’s neat soap, wliereas previously it had been 
supposed that 10 per cent water could be incorporated in the homogeneous phase. 
Similarly, the conductimetric data indicate that waxy soap cannot contain more 
than 4.5 per cent water nor exist as the equilibrium phase below 116°C., as con- 
trasted with literature results, based on very meager vapor-pressure work (17), 
which show a tongue of waxy soap extending down to lOO'^C. at 15 per cent water. 

In the case of the moi*e dilute systems (figures 14 and 15) the resistance- 
temperature curve of the system containing 69.3 per cent w^ater shows an abrupt 
change of slope at 83®C., agreeing within 3° with the literatum value (18) for 
the completion of formation of middle soap. The corresponding temperature 
in the 28.7 per cent system for formation of soapboiler’s neat soap was not accu- 
rately determined because of some difficulty with that sample at higher tempera- 
tures. In both these systems the curves showed changes indicative of phase 
changes occurring telow 

Nature of the phase diagram 

The systems containing 12.8, 28.7, and 69.3 per cent water all show a similar 
feature in the resistance-temperature ciir^ e — fairly steep fall of resistance with 
temperature, broken by a slight increase with the temperature, followed by a 
very rapid decrease of resistance with temperature — which certainly suggests 
that a similar series of phase changes occurs in all three syst ems. The tempera- 
tures of these changes in the three systems are respectively 50°, 52°, 60°C. and 
60°, 66°, and 72°C. At first thouglit these changes might be thought to be 
related to the temperatures of initial formation of middle soap and soapboiler’s 
neat soap. However, the eutectoids due to the coexistence of isotropic solution- 
curd-middle soap and isotropic solution-soapboiler’s neat-curd phase occur at 
76°C. and 82°C., respectively (18). Since there is no break in the resistance 
curves at these temperatures it can be concluded, in accord with other evidence 
(26, 28), that these eutectoids do not extend into the concentrated region. This 
certainly suggests the existence of homogeneous phases containing substantial 
amounts of water, as contrasted with the classical picture of a heterogeneous 
region with some one ^'curd” phase, containing only very little water, in equi- 
librium with isotropic solution. 
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The present data permit some choice to be made between the coniBicting views 
of Buerger, Smith, et al. (4, 5) and Ferguson and coworkers (8) as to the nature 
of solid soap. From x-ray work on quenched samples Buerger and coworkers 
have shown that a given sample may exist at room temperature in a variety of 
crystalline forms, depending on the minimum temperature at which mechanical 
agitation occurred prior to undisturbed cooling. Even though the critical tem- 
peratures determined in this way for the formation of each phase do not neces- 
sarily correspond to equilibrium transition temperatures, it may well be that 
such samples will undergo transitions at these temperatures on reheating. Al- 
though detailed data have not been published for sodium stearate, it is stated 
that such a phase map shows two different crystalline forms, delta or alpha, which 
may be realized below Tc, the temperatures of agitation required to produce these 
forms being essentially independent of composition. The conductimetric data, 
although obtained on unagitated systems formed by spontaneous cooling and 
presumably giving the equilibrium temperatures of phase transitions, are in 
accord with the concept of two phase boimdaries occurring between room tem- 
perature and the Tc curve, and at temperatures only slightly dependent on com- 
position. A somewhat similar situation exists in the case of sodium oleate (27), 
where calorimetric evidence showed the existence of a transition occurring at 
constant temperature independent of composition from 15 to 75 per cent water 
in sodium oleate systems, formed by spontaneous cooling from whatever phase 
existed at higher temperatures. 

This behavior differs from that which would be anticipated on the basis of 
Ferguson’s concept (8), also based on x-ray examination of samples at room tem- 
perature, that a single phase — in this instance, /3-sodium palmitate — ^itself con- 
taining very little water, exists over the whole composition range at room 
temperature in equilibrium with isotropic liquid. Ferguson also presents very 
persuasive evidence that some of the separate phases adduced by Buerger, which 
he believes to be stoichiometric hydrates, are in reality merely different members 
of a single solid-solution phase. Nevertheless, some such multiplicity of phases 
as proposed by Buerger, whether they be hydrates or solid solutions, seems to 
be necessary to explain the conductimetric, calorimetric, and rheological (14, 16) 
behavior of soap systems. 

The results obtained with the plunger cell, although limited to temperatures 
usually below 80°C. and systems containing less than 4 per cent water, provide 
further insight into the reversibility of the genotypic (23) and alpha-beta (3, 26) 
transitions. Calorimetric work (26) in closed cells had shown that a-sodium 
stearate, prepared by crystallization at room temperature, underwent a transition 
at 52®C. which was apparently irreversible on cooling, since duplicate runs on 
samples which had been heated above this temperature failed to show the transi- 
tion. X-ray investigation (3) showed that this transition was due to decom- 
position of the hemihydrate (alpha) to a less hydrous form called beta, although 
there is no agreement as to whether beta is a stoichiometric hydrate or a solid- 
solution phase (3, 8). On heating the beta form in a sealed tube at 47°C. in the 
presence of a drop of water and cooling, it was found (3) that conversion to alpha 
had taken place. Despite the fact that the conductimetric samples had been 
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cooled from the melt above 300®C., all except that with 0.7 per cent water had 
an inflection in the resistance-temperature curve at 48-62°C., indicative of the 
presence of at least some alpha phase in the initial sample at room temperature. 

This reuses the interesting question as to whether alpha may not occur as a 
stable phase at room temperature in systems containing more water, and pre- 
pared by spontaneous cooling from soapboiler’s neat or middle soap without 
agitation. Possibly the conductimetric transition at 50®, 62°, and 60®C. in the 
systems containing respectively 12.8, 28.7, and 69.3 per cent water is related 
to this phase change. According to the phase map (6) a-sodium stearate should 
occur over most of the composition range at room temperature, provided the 
system has been formed on cooling the high-temperature phase with agitation 
below some temperature below Tc, followed by undisturl)ed cooling. Such an 
interpretation would again approach the classical view of the nature of the sys- 
tem at room temperature. 

Although most of the present systems failed to show the genotypic transition 
at 69-73®C. on reheating after having been cooled from the isotropic melt, it did 
occur in those containing 0.9, 3.6, and 4.0 per cent water. Previous calorimetric 
work (26) had shown that beta formed by heating alpha underwent further tran- 
sition to lambda at about 70°C. (the genotypic transition), but that this transi- 
tion was generally missing once the sample had been heated into the subwaxy 
phase, this effect being attributed to difficulty of reversibility of the lambda- 
supercurd transition. In vieAv of the conductimetric results it must be concluded 
that under some circumstances lambda can be formed on cooling supercurd even 
though gamma, which docs not give the genotypic transition, usually results 
from such treatment. 

Obviously not only the maximum temperature to which a sample has been 
heated, but also the rate of cooling, the relative h\imidity tluring cooling, and 
the extent and temperature of any mechanical agitation during cooling, will \ye 
important determinants of which of several pOvSsible phases is actually present 
at room temperature. 


Hirwixiral implications 

If the conductivity is due to dipole rotation or oscillation rather than to migra- 
tion of ions, it is possible (10) to calculate a ‘‘relaxation time” for re-orientation 
of the particles from the frequency range in which the conductivity falls off 
markedly, and thus sometimes to determine the size and sliape of the particle. 
Table 3 shows the conductivity of certain of the soap phases as a function of 
frequency. No systematic variation of resistanc.e with fmquency was found in 
the case of mixtures of superwaxy and soapboiler’s neat soap, nor with subneat 
soap nor the isotropic solution. 

Unfortunately, the range of frequencies available (420-7800 cycles) is pre- 
sumably too low to detect any such effect, particularly since it is known (6) that 
frequencies of 0.8-4.0 megacycles are required to show anomalous dispersion in 
the cas(‘ of proteins of molecular weiglit around 70,000. Since the aggregates in 
the liquid-crystalline soap phases are of the order of the wave length of visible 
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light in size, they would have similar particle weights and might be expected to 
have relaxation times of similar magnitude. However, it seems unlikely that 
dipole rotation can account for the conductivities observed in the present work, 
since the values obtained (specific conductanc/5 ca. 10“^ ohms~0 much greater 
than those usually observed (ca. 10*"^® ohms^O in cases of dipole rotation (1). 
Moreover, a few exploratory measurements of d.c. resistance gave results sub- 
stantially the same as the a.c. values. 

Since the conductivity is sufficiently high to suggest ionic migration as the 
probable mechanism, it becomes of interest to speculate as to whether either the 

TABLE 3 


Freqtiency dependence of conduclivity of sodium siearate-water samples 


TEMPEIATCIE ^ 

COMPOSITION » PEB CENT 
WATEB 

SPECIFIC BESISTANCE 

FBEQUENCY 

®C. 


ohms 

cycles 

168.5 

2.0 

14,000 j 

420 

168.5 

2.0 

13,800 j 

3500 

168.5 

2.0 

13,500 1 

7800 

168.5 

2.5 

2,050 

420 

168.5 

2.5 

2,100 

3500 

168.5 

2.5 

2,050 

7800 

214.0 

2.0 

325 

420 

214.0 

2.0 

325 

3500 

214.0 

2.0 

325 

7800 

214.0 

2.0 

250 

420 

214.0 

2.0 

255 

3500 

214.0 

2.0 

250 

7800 

240.5 

0.5 

78,000 

420 

240.5 

0.5 

78,000 

3500 

300.0 

0.5 

310 

420 

300.0 

0.5 

315 

3500 

300.0 

0.5 

315 

7800 


negative ion and negative aggregates or the positive ion or both contribute appre- 
ciably to the observed conductivity, and as to whether the medium in which 
they move is lattice-like or essentially liquid in nature. Presumably the main 
contribution is made by the sodium ion, since the strong van der Wajils attraction 
along the length of the hydrocarbon chains tends to keep each negative ion 
parallel to its neighbors. That the sodium ion alone is responsible for the con- 
ductivity is assumed in the following discussion. 

Examination of the values obtained shows that the conductivity of subneat 
soap, both anhydrous and containing small amounts of water, increases exti-emely 
rapidly with the temperature, while for neat soap the conductivities, though high, 




164 


R. D. VOLD AND M. J. HELDMAN 


increase much less rapidly. Interpretation of these results according to the 
theory of absolute reaction rates leads to some remarkable conclusions. 

For the movement of ions on a lattice, the equation developed (1) by Ejrring 
and Wynne-.Tones can be used: 

= 

h 

Here k is the specific conductance in absolute units, N is the number of ions per 
cubic centimeter, Ze is the charge on the ion, h is Planck^s constant, d is the sepa- 

TABLE 4 

Energies and entropies of activation for conductivity in subneat and neat soap 


WAXE& 

K 

T 

E 

A 

A5* 

Subneat soap 

per cent 

a6i. ohmr'^ 

•iC. 

cal, per mole 

ohs. ohms"^ cmr^ 

cal,li€g.fmole 

0.0 

7.7 X 10-w 

527 

3.3 X 10* 

4 X 10“‘ 

615 


3.2 X 10-»" 

523 





1.67 X 10-« 

517 




0.5 

1.67 X 10-'» 

519 

1.2 X 10* 

8 X 10*^ 

211 


6 X 10-» 

503 




1.0 

7.7 X 10~w 

489 

7.1 XW 

4 X 101* 

127 


1 X 10-w 

473 

1 



2.0 

1.67 X 10-« 

483 

6.2 X 10* 

1 X 10'* 

no 


1.4 X 10-« 

465 




2.5 

2.5 X 10-“ 

468 

3.7 X 10* 

4 X 10* 

62 


9 X 10-“ 

457 




Neat soap 

0.0 

1.85 X 10-1* 

538 

1.1 X 10« 

3.6 X 10-» 

2.1 


1.54 X 10-1* 

528 

! 



0.5 

2.78 X 10-1* 

533 

2.8 X 10» 

3.6 X 10-11 

Negative 


2.63 X 10-1* 

523 





ration of potential minima in the direction of motion (lattice points), AS* is the 
entropy increase in passing from the normal to the activated state, and AH* is 
the heat of activation, identified with the activation energy of the Arrhenius 
equation, K = Calculations of Ay E, and AS* for subneat and neat 

soap, based on this equation, are given in table 4. The number of ions per cubic 
centimeter is taken as 2 X lO^S while d is assumed to be 4 A., neither of these 
values being very critical for the conclusion to be drawn from the enormous 
values of AS* which result. 

For subneat soap, the rapid variation in conductivity with temperature gives 
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rise to a very large calculated activation energy. Since, however, the conduc- 
tivity itself is high, the temp)erature-independent factor A, containing the term 
is very large. The values are too large to render the basic picture — that 
of a semi-rigid lattice at all temperatures within the range of existence of the 
phase — at all reasonable. Qualitatively, the results may Ik; interpreted by sup- 
posing that within the subneat soap phase, the structure is changing from lattice- 
like at lower temperatures to a condition of lesser regularity at higher tempera- 
tures, in which aggregates, still composed of an extensive array of parallel 
molecules, move freely in a matrix of less ordered structures. This would be the 
kind of transformation here occurring over a range 30-'t0°(\ which ordinarily 
accompanies the melting of an ionic crystal at a single temperature, except that 
the residual order in neat soap extends over a larger numl)er of molecules. Such 
a postulate might also account for the large discrepancy l)etween the calorimetric 
and dilatometric values for th(i transition temperature l)etween subneat and 
neat soap (25), since energy would be absorl)ed as soon as degradation of the 
lattice began while the stnictural rearrangement giving ris£' to the change in 
volume might not occur until the transformation was complete. 

For neat soap, the calculated activation energy is smaller, and the A a alue 
correspondingly smaller. In consequence the value of AS* ))ecomes mu(;h more 
sensitive to the assumptions made as to the distanc^e Ixdween potential minima 
(lattice siU>s), Doscher and Void (7) have suggested that the conductivity in 
this phase is essentially salt-like. This is based on the observation that, instead 
of the enormous values of AN* for subneat soap, one has values of the order of a 
few calories {)er degree, suggesting that the activated state is one in which the 
positive ions are “in transit’* l>etwccn lattice points and more or less randomly 
distributed, so that AN* is of the order of that associated with the order-disorder 
transition {2R In 2) (21). In view' of the picture now" presented for subneat 
soap, the degree and extent of regularity to be aSvSociated with the “lattice’* 
itself in neat soap are uncertain, in so far as deductions from the conductivity 
data are concerned. 

Examination of figures 14 and 15 show's that middle soap and soapboiler’s 
neat soap have nearly identical values of specific resistance, w'hich results in the 
equivalent conductivity of middle soap being much larger than that of soap- 
boiler’s neat soap. This result is in accorti with the hypothesis (7) that soap- 
boiler’s neat soap has a lattice-like structure, whereas middle soap is predomi- 
nantly micellar in nature. 


SUMMARY 

A technique has l)een developed for determination of the electrical conductivity 
of solid and semi-solid soap systems. Resistances were determined as a function 
of temperature for sodium stearate systems containing fromO to 69 per cent water 
from room temperature to as high as 300°C. The results obtained permit deri- 
vation of details of the phase diagram in the region of high concentration, and 
show that none of the anhydrous phases studied can incorporate more than 3 
or 4 weight per cent water wdthout transformation to another phase. 
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It is concluded that a multiplicity of solid phases, rather than equilibrium 
between a single curd phase and isotropic solution, is required to explain the 
observed properties of the system below Te* 

Interpretation of the temperature coefficient of conductivity of subneat sodium 
stearate according to the theory of absolute reaction rates gives so abnormally 
large a value for the entropy of formation of the activated state as to suggest 
progressive destruction of the “lattice’’ with rising temperature over the whole 
range of existence of this phase. Values obtained similarly for neat soap resemble 
more closely those for the conductivity of ordinary salts. 
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Rosin and silicates have been used in soaps for many years. The detergent 
action of silicates and of mixtures of silicates with fatty acid soaps is well estab- 
lished (for references see 10). Recent studies have been made of the detergent 
action of rosin, both alone and mixed with fatty acid soaps (2, 13, 14, 15). In 
order to overcome the tendency of soaps from ordinary' wood or gum rosin to 
darken on aging, the rosin has been refined and made more resistant to oxidation 
by hydrogenation, dehydrogenation, and polymerization (1, 15). Soaps from 
dehydrogenated or disproportionated rosin have proved satisfactory as emulsify- 
ing agents for GR-S rubber (3). Mixed fatty acid-rosin soaps usually contain 
sodium silicates, both to improve detergency and to harden the soap. 

The addition of rosin to a tallow soap stock makes it easier to add the large 
amount of sodium silicates justified on the basis of detergency. Possible ex- 
planations are that the rosin increases the miscibility of the soap with silicate 
solutions or the range of temperatures over which the hot soap-silicate mixtures 
in the crutcher solidify on cooling. The purposes of the pi’esent investigation 
of the phase l^ehavior of rosin soap-sodium chloride-water and rosin soap- 
sodium silicate- water systems were to provide data of value to the manufacturers 
and xm^rs of rosin soap mixtures and to attempt to determine the method by 
which the addition of rosin makes concentrated soap-silicate mixtures more 
readily prepared. The data aie also of interest in studying the l)ehavior of 
higli-polymer latex emulsions stabilized by rosin soaps (6). No previous sys- 
tematic study has apparently been published on these systems, althougli McBain 
has referred to preliminar>’^ unpublished data on sodium abietate (7) . Livingston 
has presented a hypothetical diagram for rosin soap-sodium hydroxide -water 
systems based on a few' experimental points, but primarily by analog^' with the 
diagrams of McBain and collaborators for fatty acid soaps (6). 

EXPERIMENTAL 

The two t 3 'pes of rosin used in this w'ork w'ere a wood rosin of N Color grade 
representing a typical refined w'ood rosin commonly used in yellow laundry 
soaps and a hj^drogenated rosin sold under the trade name Staybelite. Both 
w^ere supplied througli the courtesy of the Hercules Powder Co. The N w'ood 
rosin had an acid number of 162, and a saponification number of 184 correspond- 
ing to an average molecular weight of 349 for the sodium soap. The saponifica- 
tion number of sample A of the hydrogenated rosin was 175, giving the cor- 

' Presented at the Twenty -first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 



168 


R. C. MERRILL AND RAYMOND GETTY 


responding sodium soap an average molecular weight of 343. Sample B of the 
hydrogenated rosin had a saponification number of 169. Its sodium soap was 
less soluble in water and more readily salted out by electrolytes. Other charac- 
teristics of regular wood and hydrogenated rosin soaps have been published 
(1,15). The soaps were made by saponification mth sodium ethoxide in alcohol, 
and dried at 105®C. 

The sodium silicate was a regular commercial product of the Philadelphia 
Quartz Co. It was the same as that used in previous phase studies on a typical 
commercial mixed soap, and on sodium palmitate. A complete analysis has 
been given (10, 11). llie stock silicate solution contained 45.5 per coni solids 
with a silica-to-alkali ratio by weight of 2.46. The sodium cliloride was c.r. 
and the water freshly distilled. All data were obtained by the synthetic methfKl 
used in previous investigations (7, 9, 10, 11). Mixtures of soap, water, and 
sodium chloride, or silicate (if included), in 13 x 50 ram. sealed Pyrex tubes 
were heated in an oil bath until the contents were completely isotropic and lu)mo- 
geneous. The mixture was then allowed to cool slowly, and the tempcTaturo 
(Ti) recorded at which the first trace of liquid crystal, or turbidity due to a 
second immiscible isotropic liquid, appeared. The use of crossed polaroids 
facilitated the first determination. After standing at room tem]:)erature or 
below for several days the terntx^ratuie, Tc, was determined at which all tracers 
of solid disappeared on slow heating with frequent shaking. In all cases these 
two temperatures on calibrated thermometers agreed within 2° or 3”. ('on- 

centrated rosin soap systems containing large amounts of salt or silicate did 
appear to form some white opaque solid, quite similar in appearance^ to the 
‘^curd fiber^’ phase of fatty acid soap systems. How’ever, the transition from 
curd fiber to liquid crystal was not observed. As a matter of conv'eni<‘nc(‘ the 
solution temperatures on the concentrated systems forming liquid crystals wen) 
observed on cooling, wlicreas those of the more dilute solutions forming crystal- 
line or amorphous solid wei*e determined on heating. E(|uilibriiim measun'- 
ments can be made more rapidly in this manner. Systems forming ii(|uid 
crystals showed little, if any, tendency to supercool. 

Solution temperatures for the dark browm N wood rosin soap systems were 
determined on relatively thin films before a bright light. 

RESUI.TS 

The solubilities of wood rosin and hydrogenated rosin soaps in w'ai(jr and, for 
the latter, in 0.025 N sodium hydroxide solution, at various temperatun's arc 
given in table 1 and shoAvn in figure 1. At temix^ratums above the solubility 
curves the systems were homogeneous isotropic solutions. Below tera|)eratures 
given by the curves the amorphous or crystalline solid at low and medium 
concentrations was not completely soluble. Above a soap concentration of 
about 40 per e^nt for both the hydrogenated and the wood rosin soap, liquid 
crystals were formed at the solution temperature. At room temperature the 
wood rosin soap systems remained liquid crystalline, whemas those of the 
hydrogenated rosin consisted of an insoluble solid or “curd’’ in contact with dilute 
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soap solution. Curve A of figure 1 gives the solubilities of the wood rosin soap 
and curve C that of the hydrogenated rosin soap in distilled water. Curve B 
i-epresents the solubility of the hydrogenated rosin soap in 0.025 N sodium hy- 
droxide solution. 


TABLE 1 


Solution temperatures for systems of rosin soap-water and rosin soap-dilute alkali solutions 


N WOOD KOSIN 

SOLUTION 

HYDSOOENATED 

SOLUTION 

HVDEOGENATED 
lOSlN SOAP IN 1 

0.025 NNaOH 

SOLUTION 

SOAP 

TEMPEIATUIE 

KOSIN SOAP 

TEMPEIATUEE 

TEMPEXATUXE 

per cent 

-c. 

per cent 

X. 

per cent 

X, 

4.97 

<1 

1.12 

<1 

5.03 

<1 

10.1 

<1 

5.25 

<1 

7.03 

37 

20.2 

7 

7.12 

<1 

10.1 

40 

25.3 

11 

9.23 

65 

27.4 

70 

29.1 

14 

10.2 

69 

30.0 

72 

34.8 

20 

15.1 

63 

34.9 

77 

40.1 

26 

15.9 

68 

50.2 

106 

44 9 ; 

32 

20.0 

66 

54.9 

112 

49.1 

35 

20.2 

81 

60.0 

119 

51.1 

39 

25.0 

85 

67.1 

122 

52.2 

38 

28.2 

88 

75.4 

108 

52.5 

42 

34.8 

98 

77.6 

105 

54 . 5 

45 

43.9 

118 



59 5 

48 

46.5 

125 



05.2 

51 

47.6 

127 



07 . 5 

44 

50.2 

132 



09.3 

43 

52.4 

136 



69.5 

42 

52,8 

137 



71 0 

38 

54.0 

139 



71.7 

41 

65.5 

142 



74.0 

40 

57.6 

145 



74.2 

:30 

59.9 

147 

j 


80.0 

62 

62.5 

151 



84.7 

120 (?) 

65.0 

154 



vS8.1 

115 (?) 

65.2 

154 



1H).C) 

116 (?) 

68.3 

157 





75.1 

j 146 





80.0 

! 117 




1 

81.8 

86 





82.1 

78 





83.2 

123 




i 

84,0 

112 





84.8 

1 130 





86.6 

>190 

1 



The number of moles of sodium hydroxide in the systems shown in curve B 
varied from 7.8 per cent of the moles of soap at 10 per cent soap to 1 per cent 
at 45 per cent soap. 

Rosin soap>-water systems form liquid crystals which, like those of aqueotis 
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fatty acid soap systems, have a pronounced maximum solution temperature or 
minimum solubility (8). They appear to differ however, in forming only one 
liquid-crystalline phase showing a maximum stability. The hydrogenated rosin 
soap resembles the fatty acid soaps and many other detergents such as the long- 
chain sulfonates, sulfates, and amine salts in showing the very sharp change 
in solubUity at a fairly definite concentration known as the Krafft point. This 
change in solubility occurs at a lower soap concentration in the sodium hydroxide 
solution. Rosin soaps show no abrupt change in solubility when the system 
becomes sufficiently concentrated to form liquid crystals, as do fatty acid soaps. 



Fig. 1. Solubility curves for rosin soaps. Curve A, N wood rosin soap in distilled water; 
curve B, hydrogenated rosin soap A in 0.025 N sodium hydroxide solution; curve C, hydro- 
genated rosin soap in distilled water. Arrows indicate concentrations above which liquid 
crystal forms on cooling from isotropic solution. 

Both liquid-crystalline and crystalline or amorphous hydrogenated rosin soaps 
are, in general, more soluble in 0.025 N sodium hydroxide than in pure water. 
The solubility of crystalline fatty acid soap is generally reduced by sodium 
hydroxide and salts; that of the liquid-crystalline phase, middle soap, is in- 
creased, whereas that of the liquid-crystalline phase, neat soap, is again reduced 
by sodium hydroxide and salts. The hydrogenated soap is much less soluble 
than the ordinary wood rosin soap. This reduction in solubility, due mostly to 
conversion of the imsaturated double bonds of the abietic and pimaric acids 
and other unsaturated molecules in the rosin to saturated derivatives, is con- 
raderably greater than that between sodium oleate and sodium stearate (8). 
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The more pertinent comparison with sodium linoleate cannot be made, iDccause 
no phase studies have been made of that soap. 

The effect of sodium hydroxide on the solution temperatures of 10, 20, 30, 
and 40 per cent rosin soap systems is given in table 2. 

The addition of sodium hydroxide to a hydrogenated rosin soap system first in- 
creases, and then decreases its solubility. 

The influence of sodium chloride on the solubility of the hydrogenated rosin 
soap in water is given in table 3 and shown in figure 2. The curves represent 
the solubility at definite temperatures (i.e., are isotherms) as deduced by linear 

TABLE 2 


Effect of alkali on solution temperatures of hffdrogenated rosin soap systems 


BOSIN SOAP 


SOLUTION TEVPEKATUKE IN 


MOLE PE* CENT EXCESS NaOH IN* 

HaO 

0.001 N 
NaOH 

0.025 N 
NaOH 

0.25 .V 
NaOH 

0 001 .V 
NaOH 

0.025 .V 
NaOH 

; 0 25 V 

1 NaOH 

per cent 

10 

61t 

1 

72t 

58 

0.31 

7.8 

78 

20 

75t 


58t 

61 

0.13 

1 3.4 

34 

30 

stot 

74 

72t 

72 

0.081 

1 1.9 

20 

40 

107t 

: 82 

82t 


0.053 

1.2 



* Based on moles of soap in system, 
t Data from curve C in figure 1. 

J Data from curve B in figure 1. 


TABLE 3 

Solution and transition temperatures for hydrogenated rosin soap-sodium chloride-water 

systems 


A. Liquid-crystal forms 


mOSiN SOAP 

NaCl 

SOLUTION TEMPERATURE 

per cent 

per cent 

X, 

59.8 

1.01 

138 

60.3 

3.13 

118 

49.1 

1.17 

135 

51.0 

2.07 

126 

49.1 

3 16 

>165 

56.9 

2.26 

125 

47.8 

2.01 

116 

53.8 

2.50 

115 

64.2 

2.53 

97 

68.5 

0.95 

120 

66.1 

1.66 

112 

66.7 

0.52 

127 

68.2 

2.00 

100 

70,5 

1.11 

111 

71.5 

2.14 

77 

59.6 

3.80 

117 

60.1 

3.39 

>175 
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TABLE 3 — continued 


B, An isotropic ^ amorphous ^ or crystalline phase separates first on cooling 


HYOIOOSNATED lOSXK 
SOAP 

NaCl 

Tc oa r* 



per cent 

per cent 

•c. 

•c. 

•c. 

46.1 

1.15 

119 



40.4 

1.09 

112 



45.2 

2.55 

117 



35.1 

3.94 

>180 



45.4 

1.04 

115 



36.6 

1.99 

105 



30.0 

0.98 

88 



29.6 

2.61 

99 



20.0 

1.03 

82 



20.1 

2.34 

85 



3.88 

2.93 

>165 



15.6 

0.85 

76 



3.28 

1.61 

<20 



4.00 

0.47 

<1 



16.9 

2.48 1 

83 



7.41 

0.83 

<20 



7.06 

1.61 

92 



21.0 

0.33 

78 



39.1 

0.38 

90 



6.93 

2.49 

131 

117 

105 

13.3 

2.21 

90 

— 

86 

7.03 

2.33 

119 

105 

99 

13.0 

3.68 

149 

— 

— 

24.8 

3.57 

166 

102 

98 

42.2 

3.56 

>180 



16.4 

2.91 

135 

102 

95 

9.82 

2.91 

143 

110 

99 

7.31 

3.44 

163 

117 

85 

42.1 

3.18 

163 

90 

82 

36.8 

2.79 

142 

! 95 

. 83 

24.8 

2.88 

133 

95 

83 

11.3 

2.72 

118 

102 

92 


At the temperature 2\ these systems became turbid on cooling from homogenous iso- 
tropic solution, owing to separation of a second immiscible isotropic solution. T* is the 
temperature at which on further cooling the system again became homogenous. Ti is the 
temperature at which on still further cooling a birefringcnt phase, apparently liquid 
crystal or a fluid suspension of crystals, appeared. Compositions for which a T* or Tfis 
given are Ti \ all others arc Tr, 

interpolation from the solution temperatures of systems of known composition 
(circles). The intercepts on the 0 per cent salt axis representing the solubility 
in pure w'^ater were obtained from curve C of figure 1. The intercepts on the 0 
per cent soap axis correspond to the solubility of sodium chloride in pure water, 
which is 27 per cent at 60®C. 

Above about 40 per cent soap where a liquid crystal is the saturating phase, 
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the addition of sodium chloride decreases the solubility of the soap. The liquid- 
crystalline phase of the rosin soap behaves like the neat-soap phase of the fatty 
acid soaps in being ‘'salted out” by sodium chloride rather than being “salted 
in”, as is the other liquid-crystalline phase middle soap. Below approximately 
40 per cent, where amorphous or crystalline soap is the saturating phase, the 
first addition of sodium chloride appears to increase, but in general its effect is 
to decrease, solubility. At low soap concentrations the addition of salt results 
in the formation of two immiscible isotropic solutions in the characteristic 
indentation or “bay region” shown also by systems of the fatty acid soaps. 



Fig. 2. Solubility curves for hydrogenated rosin soap A-swlium chloride-water systems. 
Isotherms at 80®, 90®, 125®, and 150®C. Open circles represent compositions forming liquid 
crystal first on cooling from isotropic solution; filled circles those forming a second immis- 
cible isotropic liquid or amorphous or crystalline solid . 

Systems of composition tetween the upper 126°C. and 90°C. isotherms and 
approximately the dotted line aie homogeneous isotropic solutions at the tem- 
peratures indicated. For compositions above the dotted line the tempenatuie 
required to form a homogeneous isotropic, system increases rapidly with con- 
centration. 

Systems of low’ rosin soap and high salt concentration corresponding to 
compositions in the bay region first showed separation of a second immiscible 
isotropic liquid on cooling from homogeneous isotropic solution, as do the 
contispanding fatty acid soap systems. However, rosin soap systems differ by 
ftgftin becoming homogeneous and isotropic on further cooling. On still further 
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cooling they become birefringent, owing to separation of liquid crystal or a 
colloidal suspension of finely divided crystalline material. 

TABLE 4 


Solution and transition temperatures for hydrogenated rosin soap-sodium chloride-0.026 N 

sodium hydroxide systems 


SOSIN 

NaCl 

Tc OE Ti 

Tk 

Ti 

ptr cent 

per cent 




24.8 

2.64 

159 

— 

85 

7.07 

2.38 

— 


92 

11.0 

2.68 

— 

— 

85 

10.0 

1.98 

__ 

— 

85 

4.98 

1.83 

— 

— 

89 

10.0 

1.30 

93 

80 

76 

4.22 

1.60 

105 

— 

91 

34.8 

2.40 

150 

99 

— 

26.1 

2.34 

130 

102 

89 

15.0 

2.15 



88 

5.15 

2.15 

114 


94 

29.4 

2.96 

170 

97 

92 

20.0 

2.97 

157 

97 

96 

5.05 

3.21 

140 

112 

94 

15.1 

3.62 

168 

110 

89 

5.04 

3.75 

168 

105 

— 

30.9 

2.10 

133 

100 

81 

11.7 

3.23 

141 


— 

29.9 

2,08 

126 

100 

83 

4.88 

2.73 

119 

105 

96 

19.8 

2.14 

— 

1 

81 

18.0 

2.58 

124 

97 

90 

4.05 

0.73 

<20 



4.11 

2.33 

116 



40.2 

0.49 

86 



27.1 

1.81 

122 



30.1 

0.46 

81 



17.4 

1.87 

116 



40.0 

1.31 

88 



14.2 

2.45 

119 



30.0 

1.31 

87 



20.1 

1.31 

84 



48.1 

1.21 

106 



11.9 

0.62 

66 



24.6 

0.27 

70 



32.1 

0.57 

80 



3.00 

1.11 

82 



7.14 

1.08 

87 



10.8 

1.71 

112 




Isotropic systems whose composition lies in regions where systems are ordi* 
narily anisotropic have been reported previously (e.g., 4, 16), although it is not 
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known with certainty whether these systems are anomalous or represent iso- 
tropic phase fields. The existence of homogeneous isotropic phases which form 
“ two immiscible isotropic phases on heating and a birefringent phase on cooling 
has not previously been reported for colloidal electrolyte systems. 

Several systems in this region were isotropic when stationary but became 
definitely birefringent when flowed back and forth in the tube. The ease with 
which flow birefringence is observed show's the presence of readily oriented 
anisometric particles or micelles in such S 3 '^stems. 

The temperatures plotted in the '‘bay region^’ of figure 2 are those at which 
the homogeneous isotropic solution existing at high temperatures formed two 
immiscible isotropic solutions on cooling. Homogeneous isotropic phases exist 
over a specific range at temperatures below' those indicated only in this region. 
Isotherms showing the temperatures at which these systems again become 



Fig. 3. Solubility curves for hydrogenated rosin soap-sodium chloride-0.025 N sodium 
hydroxide systems. Isotherms at 80°, 90°, 125°, and 150°(". 

homogeneous and isotropic, and at wliich a birefringent phase is formed on 
still further cooling, are of the same general shapt^ as those indicated. 

In order to see whether the alkalinity of the silicates might be in part respon- 
sible for their behavior w ith soap systems, a portion of the ternary phase diagram 
for rosin soap-sodium chloride-water w'as determined in 0.025 N sodium hy- 
droxide solution instead of pure w ater. The data an? given in table 4 and figure 
3. The excess sodium hj^droxide based upon the weight of soap varied up to 
around 7.8 mole per cent for 10 per cent soap. The per cent excess was greatest 
in dilute solution where the degree of hydrolysis is proportionately greater. 
Figure 3 shows that the added sodium hydroxide contributes to the salting out 
of the soaps. The difference in the miscibility of sodium chloride and silicates 
with soap systems is not due to the difference in alkalinity or pH. 

Figure 4 shows the solubility of hydrogenated rosin soap B in solutions of a 
sodium silicate with a silica- to-al kali ratio of 2.46. The data are given in table 5. 

The diagram is qualitatively similar to those with sotlium chloride, although 
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TABLE 5 


Solution and transition temperatures for systems containing hydrogenated rosin soap B, 
1 ratio sodium silicate^ and water 


aOSXN SOAf 

SlUCATS 

r, o» Ti 

A. Remains isotropic 

per cent 

per cent 


23.0 

4.76 

108 

10.9 

4.85 

103 

13.6 

5.70 

107 

9.74 

8.23 

108 

28.1 

9.88 

>160 

28.3 

14.9 

>160 

5.00 

3.22 

81 

6.00 

11.9 

135 

12.9 

3.30 

87 

4.11 

5.87 

98 

20.2 

10.4 

1 >150 

24.1 

2.14 

90 

26.0 

12.7 

>150 

13.9 

12.3 

>165 

18.9 

7.28 

120 

20.0 

1.36 

86 

10.3 

2.26 

82 

4.03 

2.25 

72 

3.79 

8.10 

106 

3.76 

15.0 

136 

11.8 

15.0 
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B. Liquid-crystal forms 
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40.3 

16.3 
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33.7 
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122 

76.4 
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144 


tho data are not sufficiently numerous to show any increased soap solubility in 
low concentrations of silicate. (Note that the scale of the horizontal axis of 
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figure'4 is more than four times that of figures 2 and 3.) The slopes of the 
isotheims above about 32 per cent soap, where liquid crystal is in equilibrium 
with isotropic solution, are less than those below this concentration, where 
amorphous soap is the saturating phase. Figure 4 shows that the “bay region” 
where two isotropic immiscible liquids are in equilibrium is just as pronounced 
in systems with silicate as in those with sodium chloride. Complete separation 
of these two phases was considerably more difficult in the silicate systems, 
however, probably o\ving to their higher viscosity. For this reason the isotropic 



Fig. 4. Solubility curves for hydrogenated rosin soap B~l:2.46 ratio sodium silicate- 
water systems. The per cent of the 1:2.46 ratio silicate is on an anhydrous basis. Open 
circles represent compositions forming liquid crystal first on cooling from isotropic solution ; 
filled circles those forming a second immiscible isotropic liquid or amorphous or crystalline 
solid. Compositions between the two dotted 150®C. isotherms are homogenous and iso- 
tropic at that temperature. 

solutions which, in this range of concentrations, probably exist at temperatures 
below a region of two immiscible isotropic phases and above a temperature 
where a birefringent phase separates, were not completely studied. 

Since sample B of the hydrogenated rosin soap was used in obtaining the data 
in table 5, they are not strictly comparable with those in the previous tables 
and figures. Data on the silicate system obtained udth sample A of the hy- 
drogenated rosin soap, although not sufficiently complete for a phase diagram, 
do show definitely that it is much more miscible than sample B mth silicate. 
For example, about 10 per cent of anliydrous siliouto is required to raise the 




178 


R. C. MERRILL AND RAYMOND GETTY 


solution temperature of a 40 per cent system of hydrogenated rosin soap A to 
125® C., whereas only 5 per cent is needed to raise that of the same concentration 
of sample B. The miscibility of these two commercial samples of hydrogenated 
rosin soap with electrolytes varied considerably. The much greater miscibility 
of silicates as compared with chloride is even larger than that indicated by com- 
parison of figures 2-4 inclusive. 


DISCUSSION 

Although the present data cover systems only up to 88 per cent soap, it 
appears that the addition of water to an anhydrous rosin soap markedly reduces 
to a minimum the temperature at which a homogeneous isotropic liquid forms. 
Further addition of water stabilizes the crystal lattice of the soap, presumably 
by forming a liquid-crystalline phase, and the system shows a maximum solution 
or melting temperature. The minimum occurs for the hydrogenated rosin 
soap at around 82 per cent and the maximum at 67 per cent, corresponding, on 
the average, to approximately 3 and 10 moles of water per mole of soap, re- 
spectively. For the wood rosin soap the minimum is at around 76 per cent and 
the maximum at 63 per cent, corresponding to about 6 and 11 moles of water 
per mole of soap. The maximum for the hydrogenated rosin soap system is at 
least 80® above the minimum, that of the wockI rosin soap at least 20®. 

The maximum probably does not represent a stoichiometric hydrate. The 
flatness of the maximum and the fairly large radius of curvature (figure 1) 
indicate that the hydrate, whether stoichiometric or not, is considerably dis- 
sociated in solution. The change in slope of the solubility curve at the transition 
from amorphous or crystalline to liquid-crystalline is not so marked as in the 
case of the fatty acid soaps. This indicates that the structure of the liquid- 
crystalline technical rosin soap which consists largely of three-ring compounds 
is less abruptly stabilized than that of the long straight-chain fatty acid soaps. 

The solubility curve in water of colloidal electrolytes which show a fairly 
sharp change indicative of micelle formation in freezing point, conductivity, 
and other physicochemical properties at a particular concentration also shows a 
marked change in slope at about this same concentration (Krafft point). The 
existence of this marked change of slope in colloidal electrolyte systems might 
be regarded as indicating a ''critical concentration” for micelle formation. 
Our data would then suggest that micelle formation in solutions of ordinary 
wood rosin soaps occurs very gradually over a range of concentrations, whereas 
solutions of the hydrogenated rosin would show a “critical concentration”. 
Kolthoff and Johnson (5) have shown by the dye solubilization technique that 
a rosin soap differs from fatty acid soaps by not showing a critical concentration. 
It would be interesting to see if hydrogenated rosin soaps show a “critical con- 
centration” by the dye solubilization, electrical conductivity, or osmotic co- 
efficient methods for studying micelle formation. A positive result would not 
be entirely unexpected, since changing the three hydroxyl groups of the three- 
ring compound sodium cholate to the ketone groups of sodium dehydrocholate 
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converts a typical solubilizing colloidal electrolyte to one which has no solu- 
bilizing action (12). 

One of the practical implications of this work is that the effect of rosin in 
making it easier to incorporate large amounts of silicate in a soap system may l>c 
attributed both to the increased miscibility of the soap with silicate and to 
providing a range of solidification points for the system. 

SUMMARY 

Solubility curves for the very soluble wood rosin and the less soluble hy- 
drogenated rosin soap in water and, for the latter, in 0.025 N sodium hydroxide, 
show both similarities to and differences from those of long-chain fatty acid 
soaps. Ternary diagrams of the hydrogenated rosin soap with sodium chloride 
in water and in 0.025 N sodium hydroxide solution are qualitatively similar to 
those with fatty acid soaps but at low soap concentrations exhibit hitherto 
unreported behavior. Large amounts of a sodium silicate with an Si02/Na20 
ratio by weight of 2.46 are incorporated into concentrated hydrogenated rosin 
soap systems without changing very much the phase” behavior. 

Rosin makes it easier to incorporate large amounts of silicates in fatty acid 
soap systems by increasing miscibility and by providing a range of solidification 
temperatures for the system. 
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I. GENERAL CONSIDERATIONS OF PROTEIN STABILITY AND THE STABILITY 
OF SYNTHETIC PROTEIN FIBERS 

Significant progress has been made during the past decade in the development 
of synthetic protein fibers, and wc can expect further progress as our knowledge 
of the molecular size and interactions in protein systems is enlarged. We have 
seen casein fibers develop from a laboratory curiosity to a product of commercial 
interest, and we have seen various other proteins transformed into synthetic 
fibers. We have come to recognize that proteins in general are fiber-forming 
materials, yet we have also learned that proteins differ among themselves in 
the fib^-forming characteristics and in the ease with which they can be stabilized 
in the fibrous state. 

^ Presented at the Twenty-first National Colloid Symposium, w’hich was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto^palifornia, June 18-20, 1947; also at a meeting of the American Association for the 
Adva^^N^ement of Science, Colby Junior College Conference on Textiles, New London, New 
Hampshire, July 9, 1947. 

* Bureau of Agricultural and Industrial Chemistry, Agricultural Research .Adminis- 
tration, United States Department of Agriculture. 
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Hardly more than two decades ago proteins were regarded as colloids of 
indefinite size, the properties of which were determined by the state of disper- 
sion and by the materials adsorbed on the surface produced by the dispersion. 
Proteins are now recognized as natural high polymers, many of which have been 
shown to possess definite molecular wei^ts and definite compositions and to 
obey the phase rule in solubility ; furthermore, proteins have been shown to react 
stoichiometrically with acids and bases, with anionic and cationic detergents, 
and with acidic and basic dyes. Protein molecules are also now recognized as 
flexible chains. These chains are stabilized in network structure as in wool, 
feathers, hides, and silk, or they are curled-up and stabilized in corpuscular con- 
figuration as in casein, soybean proteins, peanut proteins, zein from com, and a 
host of others. 

But there is much yet to be learned about proteins, particularly in regard 
to the forces which determine their stability, including their ease of denaturation, 
of solubilization, of transformation into the fibrous state, and of stabilization 
of the fibrous configuration. For instance, interchain forces such as the disul- 
fide cross-links in wool, as Harris (6) has shown, determine the a\>ility of a fiber 
to withstand the effects of solvents such as water. 

The significance of molecular interaction can be stated in a general way: 
The sum total of physical properties of any substance is determined by the de- 
gree of mutual interaction between constituent structural units; that is, solubility 
or insolubility, hardness, flexibility, and tensile strength are directly related to 
the number, kind, and distribution of the bonds that hold the molecules together. 

Proteins vary widely in solubility depending on the degree of mutual interac- 
tion of their chains. Some proteins, such as silk, collagen, and keratin, are 
insoluble in the common neutral solvents. This property is desirable if the ma- 
terials are to be used directly as articles of commerce, but it presents difficulties 
when we seek to disperse them in order to utilize them for such purposes as syn- 
thetic fibers. Even among the corpuscular proteins we find striking differences 
in solubility; some are soluble in water at neutral pH; others dissolve in neutral 
salt solutions, yet many others, including various seed and nut proteins, are 
relatively soluble in water or neutral salt solutions, but are much more soluble 
when their solutions are made alkaline. A certain few corpuscular native pro- 
teins classified as prolamines, including zein and gliadin, are recognized by their 
solubility in ac|ueous alcohol solutions. 

To be suitable as a raw material for synthetic fibers a protein must have an 
appropriate chain length. A protein consisting only of short chains cannot be 
expected to give fibers of desirable quality. For instance, the protein salmine 
of molecular weight 5000 does not form fibers, whereas egg albumin of molecular 
weight 45,000 can be transformed into oriented fibers having dry strengths over 
2 g. per denier. The next consideration in the handling of a protein is the fact 
that the solvent must not degrade the protein chain, and this is where the use 
of alkali has limitations. For instance, in the dispersion of feather keratin in 
alkali at pH 13-14 rapid hydrolysis of the protein chain occurs, with the result 
that fibers prepared from such dispersions show progressively poorer quality as 
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the aging is continued. It is for these reasons that new and milder methods for 
the dispersion of industrially interesting and difficultly soluble proteins such as 
feather keratin are being sought. 

Chemical utilization of feather keratin is one of the problems assigned to the 
Western Regional Laboratory for investigation. Poultry feathers are practically 
pure protein, arc cheap, and are available in this country in (quantities estimated 
at over 100,000,(K)0 pounds annually. 

The attractive forces that stabilize the protein chains in feathers are pre- 
sumably similar to those in other proteins with the exception that in feathers, 
as in wool, tecause of the large proportion of cystine, there is extensive di- 
sulfide cross-linking between neighboring chains. But even when these bonds 
are broken by reducing agents the protein is insoluble in the common non- 
alkaJine solvents. The attractive forces which remain are presumed to be 
(a) hydrogen bonds such as could occur between the backbone of neighboring 
chains or between side chains, (b) electrostatic bonds between acidic and basic 
residues on the side chains, and possibly (c) van der Waals forces between po- 
larizable portions of neighboring chains. 

The energy required to dissociate these bonds and separate the protein chains, 
whether to rearrange them by denaturation, to dissolve them, or to separate 
them mechanically, ^vill depend on the number, kind, and distribution of the 
bonds; this energy will vary with the environment surrounding the protein. 
Just as the energy required to separate the ions of a crystal of an inorganic salt 
in the dry condition is higli compared with that in water, so is the thermal energy 
required to denature a native corpuscular protein lowered when the protein is 
placed in water. For example, in the dry condition egg albumin is stable to 
temperatures well above 10()°(^., whereas in water it denatures rapidly at 60°C. 
When ethyl alcohol is added to the water the rate of denaturation is increased 
as a function of the amount of alcohol added. As Eyring (5) has pointed out, 
the solvents water and alcohol act as catalysts in lowering the thermal energy 
required to denature the protein chains. Similar effects of environment would 
be expected in the solubilization of proteins. 

The problem, then, of finding a suitable means for solubilizing feather keratin 
consists essentially in finding the appropriate solvent catalyst which favors the 
dissociation of protein chains without degrading them. 

(.)no approach is through the application of synthetic detergents (10) in aqueous 
solution at neutral pH. After the disulfide bonds are reduced, the feather keratin 
is solubilized with anionic or cationic detergents through the formation of com- 
plexes of protein and detergent. The keratin in these complexes, as determined 
from measurements in the ultracentrifuge, by diffusion, and by osmotic pressure, 
has a molecular weight comparable in size to that of egg albumin (14). Con- 
centrated solutions are highly viscous and exhibit birefringence of flow, indicat 
ing that the protein is unfolded. The solutions have desirable spinning proper- 
ties; upon extrusion and coagulation the fibers which form can be extracted free 
of detergent with 70 per cent aqueous acetone ; with sufficient stretch the fibers 
show a relatively high degree of crystalline orientation. 

The detergent method is applicable to various proteins, the principal re- 
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quiremcnt being that they have a sufficient number of acidic and basic groups 
necessary for the primary interaction between the protein and the detergent. 
Collagen is an exception: it cannot be handled by the detergent method. The 
detergent method is further limited by the relatively large amounts of detergent 
required, necessitating extractions whicdi arc slow and inconvenient particularly 
for fibers having large diameter. 

Feathers, after reduction with bisulfite or monothioglycol, can be dissolved 
at> pll values close to neutrality in a number of solvents which are recognized as 
hydrogen-bond dissociating agents. Thus, for example, reduced feathers will 
dissolve in 40 ^ler cent urea solutions, 18 per cent guanidine solutions, and 64 
per cent sodium salic^date solutions, all of which are protein denaturants. Jones 
and Mecliam (8) in this Laboratory have compared the effects of detergents with 
several of these agents and in general found them to l)e equally effective and to 
disperse a maximum of about 80 per cent of the feather material. Furthermore, 
chemically reduced feathers can also be dispersed in agents which dissolve silk, 
such as anhydrous formic acid and saturated aqueous lithium bromide. The 
principal disadvantage of these methods from practi(*al considerations is the 
relatively higfi cost of the agents required. 

This papier describes the theoretical basis of a new method for solubilizing feath- 
ers in neutral solutions which do not require high concentrations of exiiensive 
sptH'.ial agents. The new method is not specifically limited to feather keratin; 
for example, isinglass (collagen (^an ho solubilized, plasticizcnl, and transformed 
into filn^rs. The new procedure involves the use of ac[ueous alcohol mixtures. 

II. TORCE'-TEMPERATURE BEHAVIOR OF SYNTHETIC FEATHER KERATIN 
FIBERS IN ALCOHOI-WATER MIXTl^ES 

A, Introihiclion 

An effective method for studying protein-solvent interaction involves the 
measurement of the thermocdastic properties of fibers in the selected solvent. 
Jhe mechanical liehavior of the fibers is higlily sensitixe to variations in the 
solvent environment ; furthermore, the effects of temperature on the system 
are reversible, thus making the results amenaVile to thermodynamic considera- 
tions. 

We have already referred to the pronounced influence of water alone in favoring 
the separation of protein chains by the difference in stability of wet and dry egg 
albumin towards heat ; and similarly this stability diffemnee is apparent in lh(‘ 
wetting of the synthetic protein filx^rs. For instance, uncured feather keratin 
fillers which give dry strengths of 1 g. per denier have a wet strength, in the re- 
laxed condition, of 0.1 to 0.3 g. per denier. 

The first effect, of wetting the fiber at low temperatures is a shortening, prob- 
ably the result of attraction of water by the polar groups with the simultaneous 
fission of weak secondary interchain attractions. The curling entropy fax ors a 
shortening of the water-plasticized network chains to a somexvhat less extended 
state. 

Application of heat to the fiber in this state causes a slight expansion provided 
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the temperature is below the critical region, which is approximately at 45®C. 
for a feather keratin fiber near the isoelectric point. The expansion is typical 
of a normal solid material. Beyond 45°C. a rather sudden change of state takes 
place ; the fiber contracts to a relaxed state in which it now exhibits the thermo- 
elastic behavior of a typical rubber-like material. We shall discuss thcf nature 
of the forces that stabilize the network chains in this rubber-like state. Just 
as the presence of alcohol in water lowers the thermal energy necessary for de- 
naturation of egg albumin, as we pointed out earlier, alcohol-water mixtures 
containing inorganic electrolytes lower the thermal and mechanical energy re- 
quired to maintain constant length in the fibers. This effect of the solvent 
mixture is through dissociation of the stabilizing attractions. 

It is more convenient to measure changes in the equilibrium force required 
to maintain the fiber at constant length with changes in solvent environment 
than it is to measure changes in length. Furthermore, the experimental arrange- 
ment for equilibrium force-temperature studies permits the study of stress re- 
laxation in the fiber following rapid elongation. The measurement of stress 
relaxation when carried out in the same environments as the equilibrium for(?e- 
temperature measurements also gives information regarding the nature of inter- 
actions in the fiber affected by the solvent environment. 

The equilibrium force on a network system is a function not only of the tem- 
perature, but also of the internal attractions of the system analogous to the pres- 
sure of a real gas. The comparison between the force-temperature of cliain 
systems with the pressure-temperature relation among ordinary molecules is 
given in figure 1. When rubber, for example, is stretched more than 10 per cent 
the force increases with temperature as indicated; normal solid materials exliibit 
a negative temperature coefficient of force. The slope of the force-temperature 
curve is a measure of the entropy of chain curling, and the intercept is a measure 
of interchain attractions. 

Figure 2 summarizes the various forces acting on a fiber network surrounded 
by a solvent. Tending to disperse the network chains in this case is the osmotic 
swelling force in addition to the mechanical deforming force, and the thermal 
kinetic force. Opposing these forces are the attractive forces holding the network 
together. In addition, there is the small contribution of the hydrostatic force 
of the solvent acting on the fiber. The corresponding changes in energy in the 
fiber-solvent system may he represented as follows: 

AF, + fAL + TAS ^ AE + PAV 
= AH 

where fAL is the mechanical work of deformation, / being the applied force and 
AL the resulting elongation; AFt is the free energy of solvation, that is, the free- 
energy decrease involved in the interaction of the protein with the solvent 
medium; TAB is the change in kinetic energy of the system, T being the absolute 
temperature and AS the change in entropy; AE is the change in the fiber network 
energy; PAV is the hydrostatic work done, where P is the hydrostatic pressure 
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Fig. 1. Comparison of states of interaction in chain systems with ordinary molecules. 
Rubber, for example, at greater than 10 per cent elongation exhibits a positive temperature 
coefficient of force which characterizes the rubber -like state. 
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and AF the change in volume of the fiber system associated with a change of 
state. From these considerations the relation between the equilibrium force 
and temperature for the fiber-isolvent system is derived as follows: 


but 
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and therefore at constant elongation, 


f^A + BT 


B. Apparatus 

The apparatus illustrated in figure 3 was used to measure the equilibrium 
force-temperature and the rate of stress relaxation in the fil>er. It consists 
of a thermostated chaml)er, A, in which the fiber and the solvent arc placed. 
One end of the fiber is attached to a hook at the bottom of the chamber and the 
other to a stiff wire communicating the tension on the filx'r to a torsion wire 
above the chaml)cr. The torsion wire, made of tempered beryllium -c^oppc'r 
alloy, is reversible to small displac^ements. The small displacements of the 
torsion wire are magnified by an optical lever arrangement illustrated in the 
diagram. A mirror on the torsion wire reflects the fotnised image of a slit or 
cross hair over a uniform scale placed on the wall opposite the mirror. By this 
arrangement, for example, a 0,1-mm. displacement of a 10-cm. fibc^r is magnified 
to a 4-cm, displacement on the scale; accordingly a 10-cm. fibc^r undergoing a 
total displacement of 0.1 mm. can lx* considered as behaving essentially at (!on- 
stant length. 

Tempc^ratures from 5° to 80°C. are maintained in the thermostat chamber by 
circulating mixtures of water from two baths, one at 80°C^ and the other of ice 
water. 

A motion-picture camera is used to record the variation in force; this ar- 
rangement is particularly useful when the measurement of the rate of stress 
relaxation is desired. Taking into account the period of oscillation of the 
torsion wiie, it is possible, in this manner, to record the force on the filx^r at. 0.1- 
sec. intervals. Besides the known speed of the camera, a secondary record of 
the time is kept by photographing the sweep of a 10-sec. stopwatch during the 
experiment. 

The desired elongation on the fiber is obtained by adjustment of the height 
of the platform on which the fiber chamber rests. This adjustment is made by 
shift of a lever which operates, between adjustable stops, a cam arrangement 
on which the platform is placed. 
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When the decay of stress is to be followed, the desired elongation is applied to 
the fiber and the motion-picture camera is started simultaneously. The initial 
rapid decay of stress is recorded at consecutive 0.1-sec. interval exposures; 
later on, when force-temperature measurements are carried out, single exposures 
are made from time to time as required. At the end of the experiment the film 
is developed; the scale readings are measured with a microcomparator; the read- 
ings are converted to force with the calibration values for the system and fi- 
nally, the force or stress is plotted as ordinate against the recorded time as 
abscissa. 



Fi(i IL Diagram of apparatus for measurement, of equilibrium foree-iemperaturo be- 
havior and stress relaxation of single fibers. The effect of temperature and solvent on the 
force on the fiber thermostated in chamber A is communicated by a stiff wire to the torsion 
w'ire H; the displacement of the torsion wire, enlarged by the optical lever sj^stem, is rc- 
(lorded by t he motion-picture camera. A secondary record of t ime is kept by photographing 
the sweep of a 10-sec. stop watch. Desired elongation of the fiber is obtained by lowering 
the platform with a lever cam system operating between adjustable stops. 

(\ Force-temperaiure behavior of feather keratin fibers in water 

Figure 4 illustrates a typical relaxation curve for the keratin fibers in water 
in the iso(*lectri(? region at approximately pH 5. The upper curve is a record of 
the (hange in tension on the fiber with time, showing the initial rapid fall and 
the subseciuent approacli to a state where the force changes so slowly tliat it 
can be considered essentially constant. In this constant region the force at 
cfiuilibrium on the fiber network system at constant elongation is a measun' of 
energy reiiuired to displace the network chains in the solvent and at the tempera- 
ture studied. The variation of the force with temperatui’e is reversible. C'harac- 
teristic of a rubber-like material, the force decreases when the temperature is 
decreased. Because the system is reversible with temperature, thermodynamic 
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Fig. 4. Relaxation of stress in a synthetic feather- keratin fiber following rapid 
elongation, and the effect of temperature on the equilibrium force at constant lengt h. Fol- 
lowing the initial rapid relaxation the stress changes slowly with time and can be considered 
essentially as constant. The positive temperature coefficient of force indicates the rubber- 
lik^ state of the relaxed fiber. 



Fig. 5. Equilibrium force-temperature behavior of a relaxed synthetic keratin fiber in 
water in the isoelectric region. Above a critical temperature region, Tm, the force varies 
linearly with a positive temperature coefficient. Below the critical region the force deviates 
from linear behavior. The approach to the equilibrium rubber-like state during the heat- 
ing of a previously unrelaxed fiber is illustrated. 

generalizations can be applied. For the present discussion we shall be concerned 
only with the effect of solvents on the equilibrium force-temperature behavior. 
Rgiire 5 shows the reversible equilibrium force-temperature behavior of a re- 
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laxed feather keratin fiber in water in the isoelectric region over the temperature 
range 6®C. to 80®C. The average diameter of the dry fibers used for this in- 
vestigation was 0.013 cm.; the average wet diameter (relaxed) was 0.024 cm. 

The course of relaxation of the fiber to this rubber-like state can be followed 
in the same apparatus in another manner. The wet unrelaxed fiber is attached 
in the chamber in the solvent below the critical temperature region at, for exam- 
ple, room temperature, and the force is adjusted to zero or to a low value. 

Figure 5 also illustrates the transition in state of the fiber on relaxation. As 
the temperature is raised, the first effect is a slight elongation of the fil)er, typical 
of thermoelastic behavior of ‘‘normal” solid materials, but then as the tempera- 
ture approaches the critical region around 45'^C., the force on the fiber suddenly 
increases as the constrained fiber tends to contract as shown in the figure. The 
equilibrium value of the force is reached as the fiber becomes rubber-like. It 
is apparent from the figure that the fiber shows a marked hysteresis on cooling; 
only a slight deviation from the straight-line behavior is apparent below the 
transition temperature, which is interpreted as due to recombination of the 
alined chains. Presumably on long standing in the cold, further chain inter- 
action would take place to give the state similar to that of the original unrelaxed 
fiber. 

For the experiments which follow we have adopted as a standard state the fiber 
relaxed in boiling water. We shall compare the effects on the system of added 
alcohols, inorganic electrolyte, and finally reducing agent. 

I), Influence of alcohols on force-temperature behavior 

The equilibrium force is markedly affected 4)y the addition of alcohols and 
electrolytes to the system. Figure 6 illustrates the influence of added ethyl 
alcohol on the fiber-water system. As previously, the fibers are in the isoelec- 
tric region; the elongation is 75 per cent over the boil-relaxed length.* 

At const ant elongation of 75 per cent the influence of the alcohol on the equi- 
librium force is fourfold; first, at low temperatures and in all concentrations of 
added alcohol, the equilibrium force is higher than the corresponding values in 
water alone. The significant feature is the negative temperature ccxjfficient of 
force. Second, at temperatures above an apparent critical temperature region, 
which is around 40® to 50 ®C., and in concentrations of alcohol behw 80-90 per 
cent concentration by weight, the equilibrium force is lower than the corres- 
ponding values in water. Furthermore, the values decrease progressively^ as the 
concentration of the alcohol increases to about 50 per cent. The principal effect 
of the several alcohol concentrations under these conditions is on the intercept 
values of the force -temperature curves; the slopes are practically the same and 
similar to the value for water alone. Third, at alcohol concentrations above 
50 per cent the equilibrium force increases and becomes greater than the value 
in water as the concentration of alcohol approaches 100 per cent. The fourth 

• Change in the elongation of the fibers will change the slopes of the curves, but the rela- 
tive difference for different alcohol mixtures is not significantly altered. For all of the 
studies reported in this discussion the fibers were compared at similar elongation. 
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characteristic effect of alcohol on the fiber system is illustrated in figure 7. 
The variation of alcohol type from methyl to ethyl to n-propyl causes a progres- 
sive decrease in the equilibrium force. The comparison is made at 50 per cent 
concentration by weight for each of the alcohols; this concentration gives close 
to the minimum value of the force for each alcohol.^ 

An apparent critical tempe^rature region is seen for each solution; this region 
shifts progressively to lower temperatures in changing from methyl to ethyl 
to ri-propyl alcohol. In each alcohol solution the fiber below the critical tem- 
perature exhibits the characteristic negative t^emperature coefficient of forex^; 



Fig. 6 . Influence of aqueous ethyl alcohol on the force-temperature behavior of a relaxed 
synthetic feather keratin fiber. At low temperatures and in concentrations of ethyl alcohol 
below 80 90 per cent concentration by weight, the fiber exhibits a negative temperature 
coefficient of force. Above an apparent critical region, which shifts wdth alcohol concen- 
tration, the equilibrium force decreases with increase of alcohol concentration and reaches 
a minimum value in the neighborhood of 50 per cent concentration by weight At high(»r 
concentrations the force increases continuously as the (concentration of alcohol approaches 
100 per cent. 

the slopes of the curves and the intercept values vary progressively with change 
in alcohol from methyl to ethyl to propyl. Above the critical temperature range 
these alcohols influence principally the intercept values, the slopes being similar 
and also similar to the slope of the water curve. 

^ Actually, there is a small shift in the maximum effect for the alcohols; the methyl al- 
cohol mixtures have greatest effect on the fil)er around 60 per cent concentration, whereas 
for propyl alcohol the maximum is closer to 40 per cent. The specific effects of the alcohols 
are also observed when compared on a mole per cent basis of alcohol concentration. 
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E. Interpretation of the effects of alcohols on keratin fibers 

In the light of thermodynamic considerations the negative temperature coef- 
ficient of force exhibited by the fiter system below the critical temperatimi in 
solutions of the three alcohols indicates normal solid thermoelastic behavior. Tt 
is apparent that the network chains have undergone extensive aggregation. Tl^e 
higher force required to maintain constant length in the fiber in the new state 
indicates that the new condition favors curling of the chains. The contribution 
to the force is from both a change in the internal energy and a change in the eii- 



Fio. 7. Influence of aqueous methyl, ethyl, and w-propyl alcohols on the force tempera- 
ture behavior of a relaxed synthetic feather keratin fiber. A critical region is apparent in 
the alcohol-water mixtures which shifts progressively with change of solvent from methyl 
to ethyl to propyl alcohol, lielow the critical region the fiber exhibits a negative tempera- 
ture coefficient of force. The slopes as well as the intercepts of the curves vary progres- 
sively with change of solvent. Above the critical temperature region the alcohols progres- 
sively lower the equilibrium force, the principal effect being on the intercept of the 
force temperature curve. 

tropy of the system. The interactions stabilizing the aggre^gated chains decrease 
progrt^ssively in changing from methyl to ethyl to 7i-propyl alcohol. 

The new state of interaction in the fiber is comparable to gel formation in 
solution. As we shall see later in this discussion, gel formation does occur in 
solutions of feather keratin in alcohol-water mixtures below a similar critical 
temperature region. 

Further similarity in the behavior of the fibers and the solutions of feather 
keratin is evident from the influence of added urea. In both cast's added ui’ca 
reduces the extent of interactions until the fibers remain rubl)er-like over the en- 
tire temperature range within which they can be studic'd and the keratin solu- 
tions similarly remain liquid. 
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Above the critical temperature region the fibers have rubber-like properties 
in water as well as in solutions of all three alcohols below 80 per cent concentra- 
tion by wei^t. The main effect of the alcohols is on the intercept values of the 
force-4emperature curve. This indicates that change in the internal energy of 
the fiber system is the principal effect of the solvents at these temperatures. 
This change is accounted for by interaction of the alcohols with the protein, 
with resulting dissociation of the attractions which stabilize the fiber network. 
Because progressively lower temperatures are required to maintain constant 
length in the fibers when the solvent is changed from methyl to ethyl to n- 
propyl alcohol, we conclude that these alcohols, in this order, are progressively 
more effective in dissociation of internetwork attractions. 



Fig. 8 . Influence of added salt on the force- temperature behavior of relaxed synthetic 
feather keratin fibers in water and in 30 per cent aqueous ethyl alcohol. Added salt lowers 
the equilibrium force in water and the aqueous alcohol mixtures over the range of tempera- 
ture indicated. 


P, Influence of inorganic ions on force-temperature relatums 

The equilibrium force on the fiber both in water and in the several alcohols 
is markedly affected by added electrolytes. In the presence of salt in low 
concentration the equilibrium force, in cither case, is lowered. For example, 
figure 8 illustrates the influence of lithium chloride and potassium chloride of 
ionic strength = 0.1 on the equilibrium force in water and in 30 per cent concen- 
tration by weight of ethyl alcohol. In both water and aqueous alcohol decrease 
in force occurs above, as well as below, the critical temperature region. The 
effects of the alcohols and electrolytes are reversible; upon their removal by 
washing with water, the force-temperature behavior reverts to the characteristic 
behavior in water. 

The effect of salt in altering the equilibrium force in the isoelectric fiber 
suggests that we are dealing here with the stability of interchain salt linkages, 
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subject to siinilar variation in activity coefficient as are soluble dipolar ions, 
amino acids, and native proteins in the presence of electrolyte ions (4). 

The interaction between ions and dipolar ions is known from both theory 
and experiment to vary with the ionic strength and dielectric constant of the 
solution. This behavior is accounted for by the theory of Scatchard and Kirk- 
wood (12) and Kirkwood (9) . According to the theory the change in free energy 
due to electrostatic interaction between dipolar ions and inorganic ions should 
vary directly with the ionic strength and inversely with the square of the di- 
electric constant. For example, the following expression was derived for the 
free energy of interaction of glycine with, inorganic ions: 

AFx, = -RT log y^RT log S/So = ^ I 

in which y is the activity coefficient of the dipolar ion, S its solubility in salt 
solution, and So its solubility in pure water. D is the dielectric constant of the 
solution and T is the absolute temperature. R is the average dipole distance, 
and a is the “collision radius,’’ that is, the sum of the radii of the dipolar ion and 
the inorganic ions. T/2 is the ionic strength in moles per liter. 

When the free-energy change is measured from the solubility ratio at higher 
ionic strengths a second effect enters in, which must be taken into account, so 
that the solubility behavior represents only those changes due to electrostatic 
forces. This secondary effect is the salting out of the dipolar ion by the inor- 
ganic ions. Accordingly, a salting-out term must be added to the logarithm of 
the solubility ratio. 

Now to come back again to the behavior of the fibers as a function of ionic 
strength and dielectric constant, where if the foregoing considerations apply, 
the equilibrium force, which is decreased in the solvent mixture, should vary sim- 
ilarly with the ionic strength and with the inverse square of the dielectric con- 
stant, but with a negative slope. This behavior is observed under limiting 
conditions as shown in figure 9. This figure is a three-dimensional plot of the 
variation of the equilibrium force ratio with the ionic strength on one axis and 
the dielectric constant ratio on the other. Do is the dielectric constant of pure 
water, and D is the dielectric constant of the solvent under consideration. 
The equilibrium force ratio, ///o, is the ratio of the force, /, measured in the 
solvent under consideration to /©, the force in water selected as the standard 
condition. Starting at the upper left of the figure we sec that at low ionic 
strength the force decreases linearly as a limiting condition with the inverse 
square of the dielectric constant of the solvent. Significantly, the force vai*ies 
independently of the alcohol type. Similarly w^ith increase in the ionic strength 
the equilibrium force falls; the deviation from linearity is probably due to the 
salting-out effect of the ions on the protein. When the variation of the force 
with alcohol is compared at ionic strength 0.1, it is S(^on that although the 
limiting behavior appears to he linear, the behavior differs from that in low 
ionic strengths by an apparent specific effect for each alcohol. It is concluded 
from these considerations that electrostatic interactions are involved in both 
low and higher salt concentrations; in the higher salt concentration an additional 
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Fig. 9. Equilibrium force on fiber in ab’ohol water lithium chloride mixtures. Three- 
dimensional plot of the variation in the equilibrium force ratio for a keratin fiber as a func- 
tion of the ionic strength and the square of the dielectric constant ratio of the sol vent . The 
equilibrium force ratio is the ratio of the force in the solvent under consideration to the 
force in pure water; Do is the dielectric constant of pure water and D is the dielectric con- 
stant of the alcohol^water mixture. At low iomv. strength the equilibrium force varies 
with the inverse squares of the dielectric constant of the solution independent of the type 
of alcohol. At higher salt concentration the three alcohols exhibit apparent specific be- 
havior. 


non-electrostatic interaction is involved. The electrostatic interaction involves 
presumably the salt linkage connecting nei^boring chains. The severance of 
salt linkages by the interaction with inorganic ions can Ije considered as follows: 


! 

coo- 

i + Li+Cl- 



COO-I.i+ 
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G, Nature of the non-elecirostatic interactions in feather keratin fibers 
(1) van der Waals attractions 

Feather keratin contains a relatively high proportion of leucine compared 
with many proteins; it is possible that non -electrostatic attractions of the van 
der Waals type between the hydrocarbon residues are affected by the alcohols. 
As we shall see, however, the influence of the alcohols is not specific for feather 
keratin alone; other proteins with smaller proportion of hydrocarbon residues 
are similarly affected by the alcohols. On this consideration it appears doubtful 
that the principal effect of the alcohols in the fibers involves the van der Waals 
attractions. 


(2) Hydrogen bonds 

In view of the similarity in the effect of the alcohol-water mixture on the 
libers and the influence of urea, it is inferred that hydrogen bonds in the fiber 
are involved, urea being recognized as an agent which attacks hydrogen bonds. 
In considering hydrogen bonds as principally affected by the alcohol-water sys- 
tem, we are confronted with differences in the effect, of methyl, ethyl, and propyl 
alcohols. The energy of hydrogen bonding involving the various alcohols would 
not be expected to differ significantly; furthermore, on purely geometrical con- 
siderations the small differences in size of methyl, ethyl, and propyl alcohols would 
not seem to account for the specific effects observed. 

It is possible, however, to account satisfactorily for the specific effects of the 
alcohols on the basis of the influence of salts on the activity of alcohols in water 
solutions. It is known that added electrolytes increase the activity of alcohols 
in water as a result of selective interaction between the ions and the solvent 
(2, 3, 13). Because the water molecules are more polarizable than alcohol mole- 
cules, the water tends to move into these regions where the electric field is 
greatest. This tendency of the water molecules to cluster around ions results 
in a displacement, i.e., a salting out of the alcohol with the result that the activity 
of the alcohol in the solution is increased. 

That the increase in the activity of alcohol favors its interaction with the pro- 
tein is evident from the following experiment. When washed feather keratin 
fibers or feathers are dried to constant weight at 105°C. and then placed in ab- 
solute methyl, ethyl, or n-propyl alcohol a non-specific interaction between the 
protein and alcohol takes place. The combination is stable to heating at 105°C. ; 
the keratin binds in each case approximately 0.5 per cent by weight of each al- 
cohol by lelatively strong attraction. If the protein-alcohol material is placed 
in water, the water displaces the alcohol so that when the keratin is again dried 
at 105°C. the weight comes back again to the original value. Other proteins 
combine with absolute alcohol, including silk and wool as well as the carbo- 
hydrates, cotton, viscose, and pectin (7, 1 1). The interaction of the alcohols with 
the carbohydrates, in particular, gives further evidence that alcohols interact 
through hydrogen bonding. 

The apparent specific effects of the force at equilibrium on the fiber system 
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of methyl, ethyl, and n-propyl alcohols in water solution is accounted for on the 
basis of the necessarily increasing tendency for these alcohols to be salted out, 
in this order, from solution. It is well known that increase in the size of a hydro- 
carbon residue of a substance causes a pronounced increase in the tendency of 
the material to be salted out from solution. 

Accordingly we interpret the influence of the alcohols in water mixtures as 
dependent on their activity. The non-electrostatic interaction which takes place 
probably involves hydrogen bonds. As a result of the interaction the equilib- 



Fig. 10. Variation in activity of ethyl alcohol with increasing alcohol concentration. 
Addition of salt to ethyl alcohol solution raises the activity of the alcohol, owing to the 
salting-out effect. The data are from Shaw and Butler. 


rium force necessary to maintain constant length in the fiber is lowered. The 
reaction can be written as follows; 



0~H0R 

II 

C 


Similar reaction of alcohols with hydrogen-bonded serine residues can (Xicur also. 
The addition of salt to the alcohol-water mixtures favors this reaction through 
its tendency to salt out the alcohol. The influence of lithium chloride on the 
activity of ethyl alcohol in water is illustrated in figure 10. The data are from 
Shaw and Butler (13). 

We conclude therefore that feather keratin combines with alcohols, presumably 
throu^ hydrogen bonding, and that this interaction in water-alcohol mixtures 
is favored salt^ which increases the activity of the alcohol through the salt- 
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ing-out effect on the alcohol. The increase in effectiveness of methyl, ethyl, 
and n-propyl alcohols in this order in the interaction with feather keratin is 
attributed to their increasing tendency to be salted out from solution. We 
further conclude that the interaction of alcohols in the fiber severs interchain 
attractions, with the result that lower force is required to maintain constant 
length in the fiber. Experiments indicate that feather keratin also reacts with 
the salt. The resulting severance of the salt linkages similarly lowers the equi- 
librium force on the fiber. 

H. Evidence for disulfule cross-links in feather keratin fibers 

So far in this discussion we have considered the effects of alcohols and elec- 
trolytes on the fiber system. It is apparent that there are attractions still 



Fig. 11. Effect of added rfiducing agent on the keratin liber-solvent system. At temper- 
atures above the critical region the added reducing agent, in this case O.l per cent mono- 
thioglycol, rapidly lowers the force on the fiber and the fiber dissolves in the alcohol water- 
salt mixture. 

present in the fiber; otherwise it would dissolve in the solvent mixture above 
the critical temperature region. The 60 per cent propyl alcohol solution con- 
taining 0.1 N lithium chloride does not dissolve the fiber even on heating the 
solution to the boiling point. Neither does the fiber dissolve when urea is added. 
On the other hand, when a reducing agent such as monothioglycol or bisul- 
fite is added, the fiber dissolves rapidly in the alcohol-water-salt mixture at 
temperatures above the critical region. Figure 11 illustrates the effec^t of the 
added reducing agent, in this case O.l M monothioglycol to an ethyl alcohol-* 
water-salt mixture. This agent was added below the critical legion and the 
temperature was raised. As seen, the force falls rapidly to zero and the fiber 
dissolves soon afterwards. On cooling of the solution, the protein precipitates 
in amorphous form. 
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It is apparent from the behavior of the fiber that reducible bonds are present 
which assist in maintaining fiber structure. Considering the high proportion 
of cystine in the keratin, it is inferred that these bonds are disulfide cross-links. 
This belief is confirmed by the following analysis: Before reduction there is no 
evidence for free sulfhydryl groups in the fibers according to the nitroprusside 
reaction, whereas following treatment with cyanide a strongly positive reaction 
for free sulfhydryl groups in the fibers is obtained. We conclude, therefore, that 
disulfide cross-links are present in the filler which help to maintain the fiber 
network structure.^ 

L Conclusions relative to force-temperature studies 

In the foregoing discussion of the force-temperature behavior of uncured syn- 
thetic feather keratin fibers in the isoelectric region, we have shown that at least 
three types of interchain attractions stabilize the fiber network structure. 



Fig. 12. Summary of effort of forces on synthetic feather keratin fiber 


These interactions as illustrated in figure 12 include (7) electrostatic inter- 
actions, presumably between acidic and basic groups on the protein side chains, 
{2) non-electrostatic interactions, apparently hydrogen bonds which probably 
involve the backbone as well as the side-chain interactions, and {S) disulfide 
cross-links between cysteine i-esidues. Complete separation of the keratin fiber 
network is possible when a reducing agent is present. 

Figure 13 gives a qualitative description of the influence of the solvent system 
alcohol-water-salt-redueing agent, on the mechanical work, /AL, required to 

® In this connection it is significant that although apparently all of the sulfhydryl groups 
are oxidized in the fibers, the contributions of disulfide cross-linkages to the fiber 
wet strength is small . It appears that only a relatively small proportion of the disulfide 
bonds present are effective in cross-linking the network chains; the remainder probably 
connect segments along the same chain and are not effective in stabilizing the network 
structure. Further investigation of these reactions may lead to means of increasing the 
proportion of effective disulfide cross-links. 
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overcome the total network energy of the dry fiber. The conditions which favor 
complete and simultaneous separation of the network chains form the basis for a 
new method for solubilizing the keratin directly from feathers at neutral pH, 
to be described briefly in the following section. 

III. APPLICATION OF ALCOHOL-W^ATER SYSTEMS TO THE SOLUBILIZATION 

OP FEATHERS 

In the previous section we described how synthetic feather keratin fibers 
dissolve in the solvent system water-alcohol-salt -reducing agent when the 
temperature is above a critical region, and how the protein precipitates from 
the dilute solution on cooling. Feathers will also dissolve in the solvent system 



fZiL = AH -TAS - AF^- A F^ 

Fu}. 13 CJualitative description of the influence of the solvent system alcohol-water- 
salt-reducing agent on the mechanical work,/AL, required to overcome the iiet>^ork energy 
of the fibrous keratin, A/f — as decreased through increasing solvation involving the 
nteraction with water and alcohol pre.sumably through hydrogen bonds, with inorganic 
salt involving the salt linkages, and with reducing agents involving the disulfide bonds. 

at elevated temperatures and the solutions, similarly to the behavior of the fibers, 
gel when cooled below a critical temperature range. For example, when 100 
g. of washed dry feathers is treated with a liter of the solvent (for example, 
50 per cent by weight methyl alcohol containing 0.1 N sodium bisulfite) for 
J hr. at 80°C., about 80 g. of the feather material dissolves.® This 80 per cent 
limit is characteristic for feathers, the same limit being obtained when feathers 
are dispersed with detergents or with 40 per cent aciueous urea together with a 
reducing agent. 

The gels which form on cooling the warm filtered solutions of feather keratin 
are thermoreversible ; their transition temperature, similar to the behavior of 

* Other reducing agents such as 0.2 N monothioglycol may be used. Added electrolyte 
increases the rate of dispersion as wtU as the solubility of feather keratin. 
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the fibers, is progressively lowered with change of the solvent from methyl to 
ethyl to n-propyl alcohol. A comparison of the “gel temperature” of the keratin 
in solutions of these alcohols and with several other alcdiols is given in table 1. 
As seen, two of the other alcohols listed give lower gel temperatures than n- 
propyl alcohol. Significantly, glycerol and glycols give high values for the gel 
temperature. This behavior is taken as evidence for tendency of the difunc- 
tional alcohols to cross-link through hydrogen bonding. 

TABLE 1 

Comparison of gel temperatures of feather keratin dispersed in various aqueous 
alcohol-water mixtures* 


ALCfJHOL 


Glycerol 

Ethylene glycol 

Methyl alcohol 

Ethyl alcohol 

w -Propyl alcohol 

Tetrahydrofurfuryl alcohol 

* The concentration of each alcohol was 45 per cent by weight, the concentration of 
keratin (reduced) was 10 per cent, and the pH of the solutions was 7.5. 


GEL TEUPKEATUEE 

(appioximate) 


r. 

70 

55 

49 

37 

2S 

22 



Fig. 14. Variation of gel temperature of solubilised feather keratin with change in plT, 
ethyl alcohol concentration, and concentration of dissolved protein. 

The gel temperature also varies with the concentration of the dissolved pro- 
tein as well as with the pH of the solution. These effects are illustrated in figure 
14. The pH dependency indicates that the mechanism of gel formation is re- 
lated to the net charge of the protein, that is, to the degree in which salt linkages 
are severed by shift in the pH. Further discussion of the gel properties of dis- 
persed feather keratin will be postponed for later report. 

Feather keratin protein can be recovered from the solvent either by pouring 
the solution into an excess of water, in which case the protein precipitates, or else 
by pressing out excess solvent from the gel and drying the residue in a vacuum or 
in a current of air. 
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The recovered protein is again soluble in the alcohol-water mixtures, but 
only when sufficient reducing agent is present. The apparent rapid oxidation of 
the sulfhydryl groups in the protein is characteristic for this protein. In the 
reduced form the solubility of the keratin reaches a maximum in the alcohol" 
water mixtures in the neighborhood of 50 per cent concentration by weight of 
alcohol, and also increavses, within a limit, with inen^ase in salt concentration. 
At higher salt concentration the characteristic salting out of the protein from so- 
lution takes place. The maximum value of the solubility is difficult to determine 
because of the tendency for gelation in higher concentration of dissolved protein. 
The gel temperature approaches the boiling point of the solvent aroimd 12 per 
c>ent total dissolved protein. 

The recovered protein is of higli molecular weight, as determined by osmotic 
pressim^ and diffusion; the average is at least as high as measured for the keratin 
dispersed by the detergent method (14). Discussion of the physical-chemical 
characteristics of the alcohol-water dispersed keratin will also be presented in 
a later discussion. 

Further insight into the mechanism of the interaction of alcohols with feather 
keratin is provided from comparison of the rates of solubilization of the recovered 
protein in methyl, ethyl, and propyl alcohols. For these experiments 0.2-g. 
samples of the protein were added to 10-cc. quantities of the solvent. The 
alcohol concentrations were 50 per cent by w^eight and each contained 0.1 N 
lithium (‘hloride and 0.2 N monothioglycol. The protein dissolves most rapidly 
in the propyl alcohol mixture. On comparing the temperature at which the 
protein dissolves with equal rates in the three solutions we find that for propyl 
alcohol at 45®C^ the rate is similar to that in ethyl alcohol at 60°C. and in methyl 
alcohol at 70°C. Accordingly, the free energy of activation for solubilization 
decreavSC'H progressively in the methyl, ethyl, and propyl alcohol mixtures in the 
ratio 


= 1:0.97:0.93 


The rates of stress I'elaxation of the keratin fibers are similarlj^ influenced 
by these solvent mixtures. The rate measurements, in accord with the equi- 
librium force-temperature and solubility measurements, confirm the view that 
the alcohol-water-salt-solvent system is a catalyst for the solubilization of 
keratin in the same sense that alcohol-water mixtures, as mentioned earlier, are 
catalysts for the denaturation of native corpuscular proteins. 

So far we have discussed the comparative effects of methyl, ethyl, and a- 
propyl alcohols on the keratin. Certain other alcohols ai^e apparently more ef- 
fective in their intei'actioii with feather keratin. A particularly inteiesting al- 
cohol, in this regard, is 1,3-glycerol dichlorohydrin, compared, for example, 
with isopropyl alcohol: 


CH2CI 

HCOH 

I 

CH2CI 


CH3 

I 

HCOH 

I 

Clh 
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Glycerol dichlorohydrin combines firmly with the keratin, as is apparent from the 
experiments which follow. Isopropyl alcohol, on the other hand, is less firmly 
bound; it behaves similarly to n-propyl alcohol with feather keratin. Glycerol 
dichlorohydrin is not completely miscible with water; it forms two phases, the 
water phase containing about 11 per cent of the alcohol. When the alcohol is 
added to a solution of feather keratin at pH 7, the protein is extracted into the 
alcohol layer. This transfer is favored by the addition of salt in accord with the 
effect of salt on the activity of alcohols discussed earlier. Other proteins. 



Fjg. 16. Logarithmic plot of the partition of bovine serum albumin between water and 
glycerol dichlorohydrin. The higher concentration of serum albumin in the alcohol phase 
(saturated with water) than in the water (saturated with alcohol) is attributed to 
interaction in solution between the alcohol and the protein. The partition is of the form 
y - c*”, for which c, the partition constant, is 0.55 and n «= 1 .3. 

for example, serum albumin, are similarly extracted from the acjueous phase by 
this alcohol. The partition of serum albumin by the water-glycerol dichloro- 
hydrin system is illustrated in figure 15. 

That glycerol dichlorohydrin is rather firmly bound to the proteins is shown 
from the fact that complexes are precipitated on the addition of sufficient salt 
to the solution. These complexes, similarly to the protein-detergent complexes, 
are highly plasticized and can be pulled into fibers. Also similar to the protein- 
detergent behavior is the apparent limiting stoichiometric interaction. But 
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where the ratio of detergent to protein varies in proportion to the number of 
acidic or basic groups, the proportion of the alcohol bound is several times these 
values. Thus, for feather keratin the ratio approximates one molecule of the 
alcohol for each five amino acid residues, whereas for serum albumin the propor- 
tion is one alcohol for every three residues. The range over which this limiting 
combination takes place is evident from figure 16, in which the percentage ni- 
trogen in the dried precipitated complex is plotted against the amount of glycerol 
dichlorohydrin added to the solution. The behavior of egg albumin is also shown 
for comparison. The mole ratio in this case is 1 :2. The molecular weight of 
the keratin was considered as 40,000, equivalent to the value estimated earlier 
in studies on the protein-detergent complexes (14). The pure prot^eins, feather 
keratin and serum albumin, have similar nitrogen content, namely 16.1 per cent. 



CC. GLYCEROL OICHLORHYDRIN 


Fio. 16. Apparent stoichiometric interaction of feather keratin, serum albumin, and egg 
albumin with glycerol dichlorohydrin. Nitrogen content of precipitated complexes from 
solutions of the three proteins treated with increments of gl3^cerol dichlorohydrin. The 
bound alcohol is in apparent stoichiometric proportion. 

The value for egg albumin is 15.6 pt'r cent nitrogen. The average amino acid 
residue weight for all proteins w^as taken as 115. The dichlorohydrin used w^as 
freshly distilled and the protein solutions w^ere pH 7. The complexes were pre- 
cipitated by the addition of excess lithium chloride, or also by shift in pH tow^ard 
the isoelectric region. Examination of solutions of mixtures of serum albumin 
and glycerol dichlorohydrin by electrophoretic analyses, however, did not dis- 
close combination between the protein and alcohol. It appears, then, that the 
interaction ocimrs under precipitation conditions. 

That combination of glycerol dichlorohydrin with the proteins involves sec- 
ondary interaction is inferred from the fact that no chloride is liberated and the 
pH of the solutions does not change. Furthermore, the complexes decompose 
on continued washing with fresh water or Avith ethyl alcohol. The solvents 
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apparently replace the dichlorohydrin through mass-action effect. Glycerol 
dichlorohydrin probably interacts with the protein through hydrogen bonds. 
Significantly, glycerol dichlorohydrin was found to dissolve nylon; the interaction 
in this case can only involve hydrogen bonds. 

The greater attraction of the dichlorohydrin for the proteins is probably related 
to the presence of the electron-attracting chlorine atoms which tend to render 
the hydrogen of the alcohol hydroxyl more electropositive. Further research 
along these lines may lead to the development of desired water-insoluble plas- 
ticizers for proteins. The difficulty with the dichlorohydrin in this connection 
is its tendency to decompose with time, giving free hydrochloric acid. 

IV. POSSIBLE APPLICATION OF THE SOLVENT SYSTEM ALCOHOL- W'ATER-SALT 
TO THE SOLUBILIZATION OF OTHER PROTEINS 

We have already indicated that the solvent system alcohol-water-salt is not 
necessarily specific for reduced feather keratin. As a matter of fact, mixtures 
of alcohol and water are recognized solvents for the following prolamines: 
hordein from barley, secalin from rye, zein from corn, and gliadin from wheat. 
These proteins readily dissolve in alcohol-water mixtures and are apparently not 
denatured until heat is applied. Other proteins, the blood proteins for example, 
are soluble to a limited extent in their native form in alcohol-water mixtures 
provided the temperature is in the neighborhood of 0°C. On the other hand, 
the alcohol-water-salt solvent mixt\ire at fjlevated temperatures will dissolve 
other proteins to a greater or lesser extent.’ With several proteins examined in 
this isoelectric region, the denatured protein coagulates or forms gels when the 
solutions are cooled below the respective critical temperature regions or when 
the amount of dissolved protein is greater than 10 to 12 per cent (see figure 17). 
These gels, similar to the feather keratin gels, are thermoreversible. The dis- 
solved denatured protein in eacli case appears to be of high molecular weight 
and accordingly should be suitable for synthetic, fibers. The three proteins, 
feather keratin, isinglass collagen, and peanut protein, compared in the figure 
w^ere measured in 50 per cent ethyl alcohol solutions in their isoelectric region 
and at 60®C. The solubility is plotted as a function of the ionic strength of the 
solution. 

All thi*ec of the proteins dissolve in the solvent mixture. The solubility in 
each case increases abruptly with increase in ionic strength of lithium chloride, 
owing to the salting in of the protein. In the intermediate zone of salt concen- 
tration diowm, the amount of dissolved protein is greater than 11 to 12 per cent 
and the solutions are gelled at this temperature and pH and with the alcohol 
mixture. At higher salt concentration the amount of dissolved protein de- 
creases to less than 1 1 to 12 per cent, owing to the salting-out effect on the pro- 
tein. 

The possibilities of general application of the solvent system alcohol-water- 
salt for the recovery of difficultly soluble proteins for industrial uses are being 

’ Jirgensona (J. Colloid Sci. 1, 539 (1946)) has observed a peptizing effect of mixtures of 
alcohol, water, and salts on potato globulin, casein, and hemoglobin. 
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investigated. It is expect/ed that the method will be more effective in certain 
cases than in others; numerous factors are involved that determine the solubility 
of the proteins, among which are those indicated in this discussion: namely, 
the activity of the alcohol, as influenced by salt, the relative magnitudes of the 
salting-in and salting-out effects on the protein, and the activity coefficient of 
the salt. Nevertheless, it is foreseen that the solvent system ^vill be applicable 
to certain prot/ein systems such as feather keratin and perhaps to certain collagens 
for which other methods are less practicable. 

These experiments, together with experiments on ihe fil)cr-spinning properties 
of alcohol-solubilized proteins, also in progress, will be presented in a later 
discussion. 



50% EtOH BY WT. AT 60*C 


Flo. 17. Maximum solubility of reduced feather keratin, isinglass collagen, and peanut 
protein in 50 per cent by weight ethyl alcohoJ-water with increasing salt concentration . All 
three proteins dissolve in the solvent mixture. The solubility in each case increases 
abruptly with increase in ionic strength, owing to the salting-in of the protein. In the 
intermediate zone of salt concentration shown, the amount of dissolved protein is greater 
than 1 1 to 12 per cent, and the solutions are gelled at this temperatun^ and pH and with t his 
alcohol mixture. At higher salt com^entrations, the amount of dissolved protein decreases 
to less than 11 to 12 per cent as a result of the salting-out effect on t he protein. 

SUMMARY 

General consideration has been given to the stability of proteins and syn- 
thetic fibers; the limitations of several methods for solubilizing proteins \ver© 
mentioned. 

A method for the measurement of the equilibrium force-temperature behavior 
of single fibers has been described. The method was applied to the study of 
B5mthetic feather keratin fibers in alcohol-water-salt mixtures. 

Evidence was given for the following three types of interactions which sta- 
bilize the fiber netw'ork structure: ( 1 ) salt linkages, which interact with inorganic 
ions in conformity with the theory of dipolar ion-ion interaction; (^) non-elec- 
trostatic interactions, presumably hydrogen bonds, which interact with the 
alcohols, methyl, ethyl, and n-propyl (favored by increase in activity of the al- 
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cohol by the addition of salt) ; and (5) disulfide cross-links, which interact with 
reducing agents. 

The increasing specific interaction observed with methyl, ethyl, and n-propyl 
alcohols is accounted for on the basis of their increasing tendency to be salted 
out from solution. 

When reducing agent is added to the keratin fiber in the alcohol-water-salt 
mixture, the equilibrium force falls to zero above the critical temperature for 
the mixture and the fiber rapidly dissolves. Application of this solvent system 
to the solubilization of feathers at neutral pH has been given. 

Similarly to the behavior of the fibers, the solubilized protein exhibits a critical 
temperature region below which the solution sets to thermoreversible gel. 

The recovered protein is of high molecular weight and as such is suitable as 
a raw material for synthetic fibers. 

Illustration of the solubilization of isinglass collagen and peanut protein by 
alcohol-water-salt mixtures has been given. 

Discussion has been given of the formation, isolation, and composition of 
complexes between feather keratin, serum albumin, egg albumin, and glycerol 
1 ,3-dichlorohydrin. 
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INTRODUCTION 

Nucleoproteins are known to be intimately associated with such biologically 
important entities as the chromosomes, genes, and viruses and have received a 
considerable amount of study in connection with virus diseases and cancer. 
The naturally occurring tissue nucleoproteins which are found in the nuclei 
(chromosomes and genes) and cytoplasm of normal plant and animal cells have . 
not been as intensively studied, however. Only calf thymus nucleohistone has 
been characterized with regard to its molecular weight, particle shape, and 
electrophoretic behavior (2, 3, 5, 6, 7). This leaves a large and important 
field open for further investigation. 

For this investigation, it was decided to prepare rabbit liver nucleoprotein by 
a mild method, determine the homogeneity of the preparation by means of 
electrophoresis, sedimentation velocity, and diffusion studies, and obtain in- 
formation concerning the molecular weight, particle shape, and electrophoretic 
mobility of the liver nucleoprotein. 


EXPERIMENTAL PROCEDURES 


Electrophoresis meastircmmis 

Electrophoretic studies were made by the moving-boundary method, using a 
Tiselius electrophoresis apparatus and standardized techniques which have 
been described by Longsworth and Macinnes (11, 13). 


Sedimentation-velocity measurements 

An air-driven, vacuum ultracentrifuge of the Beams type was used for sedi- 
mentation-velocity measurements on rabbit liver nucleoprotein. This ultra- 
centrifuge has been described elsewhere (10). The sedimenting boundaries 
were followed by means of the schlieren bands which were formed in conjunction 
with a long-focal-length schlieren lens and a knife edge. For a few of the ultra- 
centrifuge iTins, the Lamm scale method (9) was used to record the concentration 
gradients in the sedimenting boundaries. Scale photographs were taken through 
6 mm. of solution with a scale distance of approximately 6 cm. All measure- 
ments were made at a speed of 30,000 r.p.m., corresponding to a centrifugal 
force in the center of the cell of approximately 60,000 times gravity. 

Sedimentation constants were calculated from the equation. 


At ' UXn, 


( 1 ) 


* Presented at the Twenty-first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June lB-20, 1947. 
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and were reduced to sedimentation in water at 20°C. by means of the following 
relationdiip: 

/ nt\ /n«oiv.\ (1 — vp)^^Q 

S20 = s(— 1 -I l-Ti -“x (2) 

\’72o/H20 WBiO/t U ““ Wwlv. 

The symbols used in equations 1 and 2 have been standardized by Svedberg and 
Pedersen (21). A partial specific volume of 0.658 was assumed for rabbit liver 
nucleoprotein. It is the value which has been reported for calf thymus nucleo- 
histone by Carter and Hall (3). 

Diffusion measurements 

Measurements of diffusion coefficients were made in the Tiselius electro- 
phoresis apparatus, using a standard 11-ml. cell in which tlie limbs were divided 
into two sections by a central parting plane. This cell was mounted in a special 
rack which could be moved out of the optical path without disturbing the diffus- 
ing boundaries. Such an arrangement made it possible to perform electro- 
phoresis experiments during the intervals between diffusion photographs. The 
use of the electrophoresis apparatus for diffusion measui-emcnts has been de- 
scribed by Jjongs worth (12). 

The diffusion experiments were ]:)erformcd at l.O^^C. and the diffusion constants 
were calculated by two different methods: {1) the maximum ordinate-area 
method, and {2) the method of moments. The following relationship was used 
in calculating diffusion constants by the maximum ordinate -area metliod: 



where A is the area under the diffusion curve (cm.^), U is the maximum height 
of the curve (cm.), and i is the time of diffusion (sec.). The procedure used in 
calculating diffusion constants by the method of moments has been described 
by Neurath (17). The diffusion constants calculated for a temp>erature of 
1.0°C. were corrected to water at by the following equation: 

^ (4) 

’?S0 i 

where Ur is the measured diffusion constant, T is the absolute temperature of 
the experiment, i/r is the viscosity of the solvent at temperature T, and ijjo is the 
viscosity of water at 20‘’C. 

PREPARATION AND CHARACTERIZATION OF NUCLEOPROTEIN 

Method of preparation 

Three preparations of rabbit liver nucleoprotein were made, using the pro- 
cedure given by Mirsky and Pollister (16). The rabbits were killed by decapita- 
tion and the livers were removed immediately and homogenized in a Waring 
blender in the presence of four times their weight of ice-cold saline solution 
(0.14 M sodium chloride) buffered to pH 6.8 to remove albumin and globulins. 
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The niicleoprotein, which is insoluble in 0.14 M sodium chloride solution, re- 
mained in the residue. It was subsequently dissolved by treating the residue 
with 1 M sodium chloride solution. Purification of the dissolved nucleoprotein 
was obtained by precipitating it in 0.14 M sodium chloride solution and redis- 
solving the precipitate in the 1 M solution. All solutions were buffered to 
pH 6.8. The nucleoprotein was precipitated and dissolved three times, with all 
operations being carried out in a cold room at 0°C. The dry weight of nucleo- 
protein obtained amounted to 0.1 per cent of the weiglit of the wet livers taken. 

Analyses 

Nitrogen and phosphorus analyses were made on dried preparations of the 
liver nucleoprotein, using a standard micro-Kjeldahl methofl for nitrogen and a 



Fig. 1. ritra violet absorption curve for rabbit liver nucleoprotein dissolved in water 

colorimetric method for phosphorus (1). The averages of thrive determinations 
were: per cent N = 16.83; per emt P = 4.97. 

Awssuming that the nucleoprotein derives its phosphorus content solely from 
its nucleic a(;id component and using 9.91 per cent as the phosphorus content of 
the nucleic acid component, the percentage of nucleic acid in the nucleoprotein 
is estimated to be approximately 50 per cent. 

The Dische diphenylaraine reaction described by Schneider (18) and Seibert 
(19) was used in a qualitative manner to identify desoxyribose nucleic acid in 
the nucleoprotein. A strong positive test was obtained. .Vlso, an ultraviolet 
absorption curve was obtained on a sample of liver nucleoprotein which had 
been dialyzed against distilled water. The curve, sho\vn in figure 1, exhibits the 
characteristic nucleic acid absorption maximum at 2600 A. (8). 
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EXPERIMENTAL RESULTS 

Electrophoretic medBurementB 

E3ectrophoretic experiments with rabbit liver nucleoprotein were performed 
at various pH’s in buffer solutions of two different ionic strengths; namely, 
0.02 and 1.02. Nucleoprotein which had been precipitated three times and 
phosphate buffers at pH’s 8.0, 7.1, and 6.2 were used for the experiments at 
ionic strength 0.02. Examples of the type of electrophoretic patterns which 
were obtained with the dilute phosphate buffers are shown in figures 2 and 3. 
From the patterns it is evident that the nucleoprotein is relatively free of slow- 



DESCENDING ASCENDING 


Fig. 2. Electrophoretic patterns for rabbit liver nucleoprotein dissolved in 0.02 m phos- 
phate buffer, pH 6.2. Electrolysis time, 43 min. Field strength, 8.55 volts/cm. 


DESC. 

I ^ D- 


ASC. 

1 

Fig. 3. Electrophoretic patterns for rabbit liver nucleoprotein dissolved in 0.02 n phos- 
phate buffer, pH 8.0. Electrolysis time, 66.7 min. Field strength, 8.62 volts/cm. 

moving impurities. However, the nucleoprotein peak itself exhibited an ap- 
preciable amount of spreading during the electrolysis, which is indicative of 
electrophoretic heterogeneity. The mobilities obtained at 0°C. are given in 
table 1 for both the rising and the descending boundaries. Mobilities calculated 
from the velocity of the rising boundary were corrected for the b effect according 
to the method of Longsworth and Macinnes (14). The average mobilities of 
the rising and descending boundaries are plotted verms pH in figure 6. A 
comparison of the results obtained by Hall (7) for calf thymus nucleohistone 
with those for rabbit liver nucleoprotein indicates that the nucleohistone exhibits 
mobilities which are greater by 10 per cent, over the pH range investigated. 
The liver nucleoprotein is insoluble in 0.02 ionic strength acetate buffer at pH 4. 
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The electrophoresis experiments at ionic strength 1.02 were conducted on a 
nucleoprotein sample which had been precipitated once, several which had been 
precipitated twice, and one which was an aliquot of the first crude solution of 
nucleoprotein obtained in the preparation proc^edure described above. One 
molar sodium chloride solutions were used, which were buffered with 0.02 ionic 
strength phosphate or acetate. All the solutions were opalescent and it was 
often necessary to use infrared-sensitive film in conjunction with a Wratten 25 
filter and a 3(K)-watt tungsten projection lamp in order to obtain uniformly 
exposed electrophoretic patterns. The electrophoretic patterns obtained for 
the crude extract! of nucleoprotein in 1 M sodium chloride, 0.02 ionic strength 
phosphate, pH 7.1, are shown in figure 4. The nucleoprotein is the leading 
component or group of components in these patterns. In figure 5 are shown 


TABLE 1 


Electrophoretic mobilities of rabbit liver nucleoprotein at 0°C. 


SAMPLE NUMBER 
OF TIMES 
PBECIPITATED 

BUFFER SOLUTION 

pH 

An X 10* 

MOBILITY X 10« 

Descend- 

ing 

Ascend- j 
ing 

Average 

3 

0.02 M F^l^esphato ! 

8.0 

2.58 

1.46 

1.40 

1.43 

3 

0.02 M phosphate 

7.1 

4.85 

1.26 

1.26 

1.26 

3 

0 02 M phosphate 

6.2 

5.65 

1.15 

1.18 

1.17 

None 

1 M NaC'l, 0 02 /u phosphate 

7.1 

0,73 

1 02 

1.05 

1.04 





0.04 



1 

1 M Nad, 0 02 M phosphate 

7.2 

1.64 

1.08^ 

1.08* 

1.08 

2 

1 M Nad, 0.02 M phosphate 

7.2 

1.46 

O.Sl* 

0.95* 

0.82 






0.83* 


2 

1 M Nad, 0 02 fji phosphate 

5.4 

-- 

0 84* 

0.89* ! 

0.87 





0.7S* 1 

0.84* 

0.81 


j 



0.50 

0.69 ' 

0.64 

2 

1 M Nad, 0 02 /u acetale 

3 0 


__ 

0.98 






-- 

0.65 

-- 





— 

0.50* 

-- 





— 

0.41 

— 


patterns obtained for nucleoprotein which recoiv^ed two precipitations, and 
which was dissolved in 1 M sodium chloride, 0.02 ionic strength phosphate, 
pH 7.2. The leading (components in the ascending and descending patterns are 
nucleoprotein. However, on the ascending side the nucleoprotein fraction is 
split into two separate peaks. At pH 6.4 no splitting of the nucleoprotein peak 
on the ascending side was observed. However, at pH 5.4 both the asicending and 
the descending peaks split into two components. The patterns obtained for 
nucleoprotein which received two precipitations showed an appreciable amount 
of heterogeneous, slow-moving material to lie present at all pH's studied. At 
pH 3.9, in 1 M sodium chloride, 0.02 ionic strength acetate buffer, the nucleo- 
protein peak split into a number of components, and, in this instance, the fastest 
component moved with a mobility of thymus nucleic acid (see Stenhagen and 
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Teorell (20)). This suggests the possibility that nucleic acid has been split 
away frcnn protein and is migrating as a separate component. In view of what 
is already Imown concerning the salt-like character of the bond between nucleic 
acid and protein in nucleoproteins (4, 6, 16), the tendency of nudeic acid to 
split away from protein in 1 M sodium chloride solutions is to be expected. 

The mobilities obtained for nucleoprotein ml M sodium chloride solutions 
are listed in table 1 and plotted as a function of pH, in figure 6. In table 1, the 
column An X 10* represents the refractive-index difference between nucleo- 
protein solution 'and buffer solution as obtained from the area under the nucleo- 



ASCENOING 

Fig. 4. Crude solution: 1 M sodium chloride, 0.02 n phosphate, pH 7.1. Electrolysis 
time, 610 min. Field strength, 1.34 volts/cm. 


DESCENDING 

Fig. 5. Rabbit liver nucleoprotein precipitated two times. Dissolved in 1 Af sodium 
chloride, 0.02 n phosphate, pH 7.2. Electrolysis time, 299 min. Field strength, 1.61 
volts/cm. 

protein peak of the descending pattern. In all cases, the mobilities listed in 
table 1 represent anionic migration. For some of the runs in 1 M sodium chloride 
sdutions a number of mobilities have been listed, corresponding to the number 
of relatively fast moving peaks which were observed in the electrophoretic 
patterns, and, in addition, the components which were accompanied by turbidity 
have been starred. 



ASCENDING 


Sedimentation-velocity measurements 

Sedimentation-velocity measurements were made on rabbit liver nucleoprotein 
which had been precipitated three times and which was dissolved in 1 ilf sodium 
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chloride, 0.02 ionic strength phosphate, pH 6.4. Three difiE^erent nucleoprotein 
concentrations were studied in order to determine the effect of concentration on 
the sedinientation constant. By means of the scale method, the sedimenting 
boundary was found to contain possibly three closely spaced peaks or 
components. The sedimentation data recorded in table 2 are^ average values for 



Fig. 6 . Klectrophorctic mobility versus pH. Curve A, rabbit liver nucleoprotein in 1 
M sodium chloride buffer solutions; curve R, rabbit liver nu<jleoprotein in 0,02 m phosphate 
buffer solutions; curve thymus nucleic acid in 0.1 buffer solutions (from Stenhagen and 
Teorel) (20)). 


TABLE 2 


Sedimentation -velocity determinations on rabbit liver nucleoprotein 
Centrifugal force: 60,000 X gravity 


CONCENTKATIOM OF PROTEIN j 

520 

g./m ml. 

Svedhergs 

0.22 

10.4 

0.11 

15.4 

0.09 

16.8 

0.00 

26.3* 


* Extrapolated value. 


the group of peaks. The extrapolation to zero concentration was made by 
plotting 1/520 versus concentration. 

Diffusion measurements 

Diffusion measurements were made in dilute phosphate buffers and in 1 M 
sodium chloride solutions, using rabbit liver nucleoprotein which had been 
precipitate.d three times. These measurements also showed the existence of 
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a molecular inhomogeneity and the inhomogeneity was greater in 1 sodium 
chloride solutions than in the dilute phosphate buffers. The average values of 
two determinations in 1 M sodium chloride, 0.02 ^ phosphate solution, pH 6.4 
axe: Da = 0.78 X 10"^ cm.Vsec. and Du = 1,08 X 10“’ cm.Vsec. for water at 
20°C. Dm is the diffusion constant calculated by the method of moments. The 
diffusion curves obtained in 0.02 n phosphate buffer, pH 7.10, were found to 
more nearly approach the ideal Gaussian distribution law, and are shown in 
figure 7. The values, Da — 1.62 X 10“’ and Dm = 1.78 X 10“’ (water at 20°G.), 
which were obtained from these curves are too hi^, however, because there 



958 4270 7043 MIN. 

Fig. 7. Diffusion photographs for rabbit liver nucleoprotein in 0.02 /i phosphate buffer, 
pH 7.1. 



¥iq. 8. Comparison of experimental diffusion curve (circles) with normal Gaussian 
distribution curve (solid line). Rabbit liver nucleoprotein in 0.02 fi phosphate buffer, pH 
7.1. Diffusion time, 7064 min. 

was insufficient buffer present to repress the diffusion potential set up by the 
rapidly diffusing gegenions of the nucleoprotein molecules. 

CALCULATIONS 

Two quantities can be calculated from the sedimentation and diffusion 
constants reported above. They are (1) the molecular weight of the unhydrated 
molecule, and (S) the relative degree of asymmetry of the molecule. The molec- 
ular weight is obtained from the formula, 



RABBIT lilVBR NUCLBOPBOTBIN 


215 


where s = 26.3 X 10“** cm./sec./dyne/g. 
V = 0.668 cc./g. 
p = 0.9982 g./cc. 

D = 0.78-1.0 X 10-* cm.Vsec. 

R = 8.313 X 10*' dyne cm./degree 
, T = 293°A. 

The result is: 


M = 1,600,000-2,300,000 

The frictional ratio, ///o, can be calculated by means of the equation: 

using the same constants as were used in equation 5. The result is: 


f/fo = 2.&-3.3 


By assuming that the nucleoprotein molecule has the shape of an elongated 
ellipsoid, the Perrin equation can be applied: 


J/fo 


(1 ~ 




p*/*iogL±iLjLP> 


where p = b/a (axial ratio), 

b = equatorial radius, and 
o == i length of the axis of rotation. 


The axial ratio calculated for rabbit nucleoprotein is then within the range of 
1/40 to 1/60. 


SUMMARY 

1. The method of Mirsky and Pollister has been used to isolate nucleoprotein 
from rabbit liver. 

2. The presence and approximate percentage of nucleic acid in rabbit liver 
nucleoprotein were determined by means of its ultraviolet absorption spectrum 
and its phosphorus content. Per cent nucleic acid = 50. 

3. The Dische diphenylamine color reaction was used to demonstrate the 
presence of desoxyribose nucleic acid in the rabbit liver nucleoprotein. 

4. Electrophoretic mobility determinations on rabbit liver nucleoprotein in 
dilute aqueous phosphate buffers show that its mobilities approximate those 
obtained by Hall for calf thymus nucleohistone. 

5. Mobilities of rabbit liver nucleoprotein in 1 M sodium chloride solution 
were found to be 20-30 per cent lower than in dilute aqueous phosphate buffers. 
Also, the nucleoprotein exhibited a tendency to dissociate into protein and 
nucleic acid in 1 ilf sodium chloride solutions. 
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6. Sedimentation, diffusion, and electrophoretic measurements indicate that 
rabbit liver nucleoprotein, as prepared by the method of Mirsky and Pollister, 
is inhomogeneous with respect to its molecular kinetic and electrokinetic prop- 
erties. 

7. Combined measurements of sedimentation and diffusion constants yield 
a molecular weight which ranges lietween 1,600,000 and 2,300,000 and an axial 
ratio for the nucleoprotein molecule which lies between 40:1 and 60:1. 

Acknowledgment is made for the generous Grant-in-Aid provided by the 
Graduate School and the Research Foundation of the Ohio State University 
which made this work possible. 
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INTRODUCTION 

Electrophoresis is a sensitive test of the homogeneity of a protein, because two 
molecules which are identical except for several ionizable amino acid residues 
will in general have sufficiently different mobilities to be observed. Before a 
protein is considered to be electrophoretically homogeneous, it should satisfy 
both of the following tests: (1) The protein should migrate as a single boundary 
in an electric field in buffers of various hydrogen-ion concentrations and ionic 
strengths. The existence of proteins, such as human and horse albumins, which 
form only one boundary in eleclTophoresis in a certain pH range but form two 
boundaries in another pH range (G, 17), emphasizes the need for testing each 
apparently homogeneous protein in this way. (£) The rate of spreading of the 
protein boundary under conditions such that convection and anomalous electrical 
effects arc avoided should be no greater than that due to diffusion alone. De- 
scending protein boundaries in general spread faster than expected for diffusion 
and sharpen upon reversal of the current, but this is due to the variation in elec- 
tric field strength through the boundary and does not necessarily indicate hetero- 
geneity. The elect rical spreading factors are in general reversed in the ascending 
boundary, which is sharpened because it is moving into a region of lower field 
strength. Longsworth (30) has showm that the spreading may be greater on the 
ascending side if the moljility of the protein ion is greater than that of the buffer 
ion of the same sign and that these spreading effects may be compensated or 
enhanced by the pH effect. However, if the electrophoresis experiment is car- 
ried out at the average isoelo<rtric point of the protein and at a low protein con- 
centration so that the electric field and pH are essentially constant through 
the protein boundary, tlie same rate of spreading is observed in both limbs of 
the lT-tul)e. In this case there is no spreailing caused by conductivity or pH 
differcncjes, and reversible spreading indicates heterogeneity. ( ^onvection caused 
by the temperature gradient set up by electrical heating in the electrophoresis 
cell must he kept negligible by operating near the temperature of maximum 
density of the buffer and using sufficiently low power dissipations. Spreading 
of a protein gradient caused by convection would not be expected to be reversed 
by reversing the field, while spreading caused 1)y electrical inhomogeneity of the 
protein is reversed upon reversing the field. 

The diagrams of refractive-index gradient for such an electrophoresis experi- 
ment are shoivn in figure 1. Electrophoresis of a 0.7 per cent solution of human 

^ Presented at the Twenty -first National C^olloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Choinical Society at Palo 
Alto, California, June 18-20, 1947. 
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72 -globulin at pH 7.2, r/2 = 0.10, was carried out at a potential gradient of 
2.40 volts/cm. After 240 min. the field was reversed for an equal period of time, 
and the sharpening of the gradient is evident. The fact that the correct diffusion 
constant was obtained from the final curve is evidence that, irreversible spreading 
effects are negligible. 

In the case^ of an inhomogeneous protein the protein gradient is spread simul- 
taneously by diffusion and by the differences in the rates and direction of migra- 
tion of the differently charged protein ions. Sharp et al. ( 14, 15, 16) have shown 
that when diffusion during an electrophoresis spreading experiment is negligible 
compared to the elcctric^al spreading, the mobility distribution may be obtained 
from the refractive-index gradient curves, and a heterogeneity constant (H) may 

46 MIN 90 128 171 210 




240 272 329 371 480 

Fig. 1. Refractive-iiidi'X gradient curves for human T 2 -globuliri at pH 7.2 during electro- 
phoresis. E =* 2.40 volts/cm. C’urrent reversed at 240 min. 

he calculated from the time rate of change of the standard deviation of the 
gradient, A<t/AL 


H == 


Aa 


( 1 ) 


E is the electric field strength. 

In the case in Avhich diffusion of the protein during the experiment is not negli- 
gible and the mobility distribution may l)e represented by the Gaussian prob- 
ability function, Alberty (1) has shown that the experimental refractive-index 
gradient will have Gaussian form, and a heterogeneity constant, h, may be calcu- 
lated by using equation 2. 


D* = 



= D + 


E*h\ 

—=r- h 


( 2 ) 


In this equation <ro is the standard deviation of the gradient curve at the moment 
the field is applied, and a is the standard deviation after electrophoresis for 
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U seconds. According to this equation, the “apparent^^ diffusion constant, Z)*, 
should plot as a straigtit line against time of electrophoresis and extrapolate back 
to the normal diffusion constant, D, at zero time. In order to apply this method 
it is necessary that all the protein molecules in the sample have the same diffusion 
constant, and this is fulfilled within the experimental error in measuring the 
diffusion constant for the proteins studied here. The heterogeneity constant, 
h, is actually the standard deviation for the mobility distribution 


g(u) = 


h\/ 2 t 


(3) 


The mobility distribution for the protein may therefore ))e plotted by using the 
value of h determined from the slope of the graph of D* vs. tg and tabulated 
values for the Gaussian probability function. 

As a check on the elimination of convection, the field should be reversed for 
an equal period of time to bring the boundary l)aek to its initial state except for 
diffusion. If the field is reversed at time /i, the apparent diffusion constant 
during the reversal period is given by equation 4. 

/)* = />+ (4) 

2 tg 

According to this equation the apparent diffusion constant becomes equal to 
the true diffusion constant at tg = 2/i. Equation 4 may also be used to calcu- 
late the heterogeneity constant from data obtained during the reversal period. 

A protein which shows n'versible spreading in electrophoresis at the average 
isocdectric point must contain molecules with isoelectric points higher than the 
average and molecules with isoelectric points lower than the average. Tlie iso- 
elect ric point distribution may bv determined ele(‘trophoretically by studying 
the r(*versible spreading at several pHV in the isoelectric range. If tlui rate of 
change of the average mobility of the protein with pll, da/dpH, is constant in 
this range and the heterogeneity constant is independent of pH, the mobility 
distribution may be used din'ctly to calculate thc^ isoelectric point distribution. 
These conditions app<‘ar to apply in the case of human y-i-globulin (see exjieri- 
mental section) and horse pseudoglobulin GI (15). The isoelectric point, pZ, 
of molecules with a mobility v at the average iscx^lectric point of the protein, pZ^v, 
is given by equation 5, 

It 

pi = ph. - (5) 

dpi"! 

It is the purpose of this paper to test the electrophondic homogeneity of sev- 
eral purified proteins and to show how the mobility and isocdectric point distribu- 
tions may be determined for those which show reversible spreading. 


EXPERIMENTAL 

In order to avoid possible electrical spreading effects the electrophoresis spread- 
ing experiments were carried out as close to the average isoelectric point of the 
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protein as possible. Such a procedure has already been suggested by Longs- 
worth, Caiman, and Macinnes (8). The protein solutions were made up at a 
concentration of 0.7 g. per 100 cc. and dialyzed in Visking bags for at least 48 hr. 
Some of the protein solutions had to be centrifuged lightly to remove insoluble 
material before electrophoresis. 

More care is required in the performance of electrophoresis spreading experi- 
ments than in the usual analytical experiments, because the initial boundaries 
must be sharp and lower current densities must be used to avoid convection in 
the prolonged experiments. In the experiments to be described the boundaries 
were formed in the usual Tiselius electrophoresis cell and compensated into the 
optical system at a rate of about 1 cm. per hour, using a mechanically driven 
S 3 U*inge. The schlieren optical system was constnicted with two schlieren lenses, 
so that the light passed through the cell in a parallel beam. This made it un- 
necessary to compensate the boundaries to the central portion of the cell in order 
to avoid convergence errors. After 1-1 1 hr. compensation the mechanically 
driven syringe was stopped and the boundaries were allowed to diffuse until 
the maximum gradient could be recorded by the optical system. Several pic- 
tures were taken before the electric field was applied in order to calculate the 
standard deviation of the diffusion curve at the moment the field was applied, 
or in other cases a picture was taken just as the field was applied. The photo- 
graphs were taken on Eastman C.T.C. plates, using the cylindrical-lens schlieren 
system for the photography, and these photographs were enlarged 6.40 times and 
traced. A diagonal slit 0.6 mm. wide was used in the optical path rather than a 
diagonal knife edge. Using a diagonal knife edge it was found that different 
values for the diffusion constant were calculated from photographs obtained 
when the diagonal knife edge was brought in from below the optical axis and 
from photographs obtained when the diagonal knife edge was brought in from 
above. Since there is no reason for using one arrangement in preference to the 
other, the diagonal slit method was used and the band of light forming the gra- 
dient curve was bisected. The bisection was accomplished by averaging the 
ordinates of the two edges of the band of light and constructing the corresponding 
mean curve. The diffusion constants determined by using a diagonal knife edge 
also depended upon the exposure time, because the broad edge of the diffraction 
band between the light and dark areas in the photograph moved into the light 
ama as the exposure was increased. However, using the diagonal slit, it was 
found that the diffusion constant obtained was independent of the exposure timt\ 

In order to keep thermal convection to a negligible amount, the generation of 
heat in the electrophoresis cell was kept below approximately 0.02 watt/cc. 
Although higher heat dissipations than this are practical in analytical electro- 
phoresis experiments of shorter duration and with higher protein concentrations, 
it was found that in experiments lasting from 10 to 15 hr. and with low protein 
concentrations (0.5-0.7 per cent), higher heat dissipations often caused convec- 
tion. The maximum current density which could be used with this limitation 
on the power was calculated from the conductivity of the buffer against which 
the protein was dialyzed. Thus, the maximum potential gradient which may 
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be used depends upon the specific conductivity of the buffer, and higher potential 
gradients are permissible with buffers of lower conductivity. 

IMMUNE LACTOGLOBULIN (PSEUDO)^ 

This protein, the one responsible for the immune properties of bovine milk (18) , 
moved as a single peak in electrophoresis at pH 8.6, r/2 = 0.10, with less than 
5 per cent of proteins of sufficiently different mobility to l>e resolved. The 
globulin was prepared by salt fractionation methods to be described in a future 
publication by Hansen.^ The data for a typical experiment with immune lacto- 
globiilin are shown in table 1. The apparent diffusion constants, />*, were 
calculated from the half- widths (x*) of the experimental gradient curves measured 
on the tracing at the point of inflection. 

The magnification factor from cell to enlarged tracing, G, is 6.68 in this case. 
The apparent diffusion constants are plotted against time of electrophoresis in 
figuit^ 2. Note that the rate of spreading was slightly greater in the left limb of 
the U-tube, while the heterogeneity constants of 0.67 X 10”*® on the left and 
0.64 X 10“"® on the right agree reasonably well. The fact that the apparent 
diffusion constant extrapolates back to the known diffusion constant for this 
protein at zero time (1 .9 X 10"*^ cm.^ sec.“^ at 0°C. (18)) and returns to this value 
after reversal of the current for an equal period of time is good evidence that 
thermal convection and irreversible electroi)smosis spreading are negligible. The 
curved lines representing the (change in apparent diffusion constant during the 
reversal period have been calculated from eciuation 4, using the value of h deter- 
mined from the initial straiglit-line portion. The agreement between the theory 
and the exi:)erimental points is evidence that the mobility distribution may be 
repr(\senled by the ( laussian function. The mobility distribution for h = 0.65 X 
10”^® has been plotted in figure 3, using a table of \^alues for the Gaussian dis- 
tribution fiinction. In order to represent the percentage of protein molecules 
having mobilities less than the values given on the abscissa, without drawing the 
S-shaped Gaussian integial curve, these percentages have been indicat^ed at the 
corresponding positions on the probability curve. 

In the case of the following proteins only the heterogeneity constants and the 
conditions of the experiment will be given, because the data and calculations are 
similar to those in the above example. All the spreading experiments are sum- 
marized in table 3. 


HUMAN 72-OI^OBULIN 

The human 72-globulin was prepared from normal human plasma by methods 
developed at the University of Wisconsin (3) and contained less than 2 per cent 
of 7i- and jS-globulins and albumin, as judged by electrophoresis in veronal 

* The authors are indebted to Mr. R. G. Hansen for the sample of this protein. 
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buffer at pH 8.6, r/2 = 0.10. The heterogeneity constant for this protein was 
determined at its average isoelectric point, pH 7.2-7.3 at r/2 = 0.10, and about 
0.6 pH unit on either side. As shown by table 2 the heterogeneity constant 



1*IG. 2. Determination of the electrophoretic heterogeneity constant of immune lacto- 
globulin (pseudo). pH « 6.81; ionic strength « 0.10; E « 1.86 volts/cm. 



MOBILITY (xIO"^*) 

Fig. 3. Mobility distributions for bovine albumin and iimnune lactoglobulin (pseudo) 

was essentially independent of pH in the neighborhood of the isoelectric point. 

The fact that the heterogeneity constants determined from the ascending and 
descending boundaries agree within the experimental error shows that electrical 
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^arpening oD the ascending side and electrical spreading on the descending 
side caused by the small d and e boundaries was not appreciable* This inde- 
pendence of the heterogeneity constant of pH in the isoelectric range has been 
also observed by Sharp, Cooper, and Neurath (16) in the case of horse pseudo- 
globulin GI. Since the spread in mobilities is essentially independent of pH, 
the mobility'-pH curves for the various charged species must have approxi- 
mately the same slope. In other words, it appears that the molecules with the 
greatest positive charge at pH 6.66 are the same molecules as those with the 
most positive charge at pH 7.83, 

The data from table 2 are plotted in figure 4 except for the spreading experi- 
ment at pH 7.21 , for which the mobility would fall very close to the straight line 
through the other two points and would not change the conclusions drawn from 
the simpler graph 'with straight lines. Gaussian probability curves for the mo- 
bility distributions which were determined at pH 6.66 and 7.83 have been plotted 
at the corresponding pH. These plots show, for example, that at pH 6.66, 
althou^ the average mobility is +0.6 X 10“*, some of the molecules have 
negative mobilities and hence have isoelectric points below pH 6.66. Likewise, 


TABLE 2 

Heterogeneity constants fdr human yt-glohuUii at T/B « 0,10 


pH 

u 

bxtekogeneity constant * h 

(Descending) 

Ascending " 

Descending 

6.66 

4-0.8 X 10"® cm.^volf^sec.-i 

0.62 X 10"® 

0.51 X 10“® cm.*volt '%ec."^ 

7.21 


0.65 X 10-® 

7.83 

-0.6 X 10"® 

0.50 X 10 ® 

0.47 X 10-® 


a fraction of the molecules have positive mobilities at pH 7.83 and therefore have 
isoelectric points above this pH. Dotted lines connecting the standard devia- 
tions of the two distribution curves intersect the zero mobility axis at pH 6.90 and 
7.74, so that the standard deviation in the isoelectric points is 7.74 — 7.32 = 
0.42 pH unit. Using this value for the standard deviation of the isoelectric 
point distribution, the probability curve for the isoelectric points has been drawn 
in the lower part of figure 4. The percentages of molecules having isoelectric 
points less than the values given on the abscissa have been indicated at the cor- 
responding positions on the probability curve. According to this calculation 98 
per cent of the protein molecules have isoelectric points within a range of two 
pH units and 60 per cent of the molecules have isoelectric points within a range 
of 0.42 pH unit. 

BOVlNE ALBUMIN* 

Although this preparation showed a small amount of a-globulin in electro- 
phoresis at pH 4.52, r/2 = 0,10, the boundary did not show reversible spread- 

• The crystallized bovine plasma albumin prepared by the Armour Laboratories was used 
for these experiments. 
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ing much greater than the experimental error. The apparent diffusion constant 
obtained was only slightly greater than that determined by Stem, Singer, and 
Davie (20) at pH 7.0 (Dao« = 6.1 X 10"^ or Do* , 0.1 y NaAo = 3.2 X 10“*^). During 
electrophoresis in 0.01 ionic strength buffer at pH 6.01 a larger amount (about 
15 per cent) of a rather heterogeneous component with a more positive mobility 



Fig. 4. Determination of the isoelectric point distribution for human 7 a-globulin at 0.10 
ionic strength. 

appeared. In addition, at this ionic strength the albumin boundary showed 
reversible spreading, leading to a heterogeneity constant of 0.16 X 10^. The 
mobility distribution is plotted in figure 3 for comparison with immune lacto- 
globulin. Reversible spreading caused by this small heterogeneity could not 
easily be observed in the spreading experiment at 0.10 ionic strength with a 
potential gradient of 1.95 volts/cm. 


TABLE 3 

Electrophoresis spreading experiments 
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* Measured with a glass electrode at 25°C. 

f V — diethyl barbiturate; Cac == cacodylate; OAc = acetate. 

} Heat dissipation in the electrophoresis cell = i^/q^K, where q is the cross-sectional area of the electrophoresis cell. 
§ Measured on descending boundary. 

^ Average of ascending and descending boundaries. 
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jS-LACTOGLOBULlN^ 

This protein has been studied electrophoretically by Pedersen (11), who found 
the isoelectric point to be pH 5.20 at r/2 = 0.02, and by Li (7), who o})served 
three components in his preparation at pH 4.8 and 6.5 but only one in the iso- 
electric region. Li gives pH 5.1 as the isoelectric point of the main component 
at 0.10 ionic strength. In electrophoresis spreading experiments carried out at 
pH 5.22 and 0.1 ionic strength, the gradient curves for /3-lactoglobulin were sym- 
metrical and very nearly of Gaussian form. A small amount of reversible spread- 
ing was observed, leading to a heterogeneity constant of 0.2 X 10~®. Upon 
reversal of the current for an equal period of time, a diffusion constant of 3.8~4.0 
X 10~^ {D 2 QW = 7.3-7.7 X 10*"’) was observed, which is in agreement with Aow 
= 7.3 X 10*"’ obtained by Poison (12). 

In order to determine the heterogeneity constant more accurately, an experi- 
ment was carried out at 0.01 ionic strength (pH 5.31) so that a higher potential 
gradient could be used. In this experiment, the protein was resolved into two 
components. The minor component, which made up about 30 per cent, had a 
mobility of +1.4 X 10"*®, while the major component did not migrate appre- 
ciably. Although there was asymmetry between the ascending and descending 
boundaries, the major component showed reversible spreading in both limbs of 
the U-tube, indicating that in addition to the resolution of two components, the 
major component is perhaps not an electrophoretitjally homogeneous protein. 

OVALBUMIN® 

Ovalbumin has been studied electrophoretically by Tiselius and Svensson (21) 
and by Ix)ngsworth (9). Longsworth gives the average isoelectric point of the 
t wo electrically separable constituents as pH 4.58 at r/2 = 0.10, and so a spread- 
ing expemment was carried out under these conditions. There was no indica- 
tion of the s(*paration of a second component as the boundary was quite 
symmetrical, but the boundary did show reversible spreading leading to a hetero- 
geneity constant of 0.2 X 10”®. Upon reversal of the current for an equal period 
of time the apparent diffusion constant returned to 3.8-4.0 X 10*"’, in agree- 
ment with the diffusion constant determined by Longsworth (9). 

In electrophoresis at 0.01 ionic strength at the isoelectric point determined 
by Tiselius and Svensson (21), pH 4.72, three electrically separable components 
were resolved. The mobilities and relative amounts of these components are 
given in table 3. 

* The authors are indebted to Dr. J. A. Bain for the sample of this protein. The globulin 
was prepared by alcohol fractionation methods to be described in a fut ure publication, and 
as judg^ by electrophoresis in veronal buffer at pH 8.6, r/2 «* 0.10, it contained less than 7 
per cent of proteins with sufficiently diflferent mobilities to be resolved. 

^ The authors are indebted to Dr. A. Poison for this sample of ovalbumin, which had been 
recrystallizcd six times and dried by ice sublimation. 
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RIBONUCLEASB* 

This protein was studied at the isoelectric point determined by Rothen (13), 
pH 7.8, at an ionic strength of approximately 0.055. The boundaries in both 
limbs of the U-tube became sli^tly asymmetrical during electroidioresis, but 
they became symmetrical again after the current had been reversed for an equal 
time period. Any reversible spreading was small, and the skewness of the bound- 
aries might have been caused by a conductivity difference across the boundary 
or some inhomogeneity. The diffusion constant obtained after reversal of the 
current was 6.2 X 10~^ (2, 13a). 


DISCUSSION 

It has been the purpose of this paper to emphasize that a 83unmetrical moving 
boundary for a protein is not sufficient evidence for electrophoretic homogeneity. 
Some proteins, such as the antibody globulins, apparently contain molecules of 
different average net charge, although all the molecules have the same diffusion 
constant within the errors of the present methods. In the case of heterogeneous 
proteins of this type, the mobility determined by mea.suring the velocity of the 
center of area of the gradient curve is the average mobility for the protein, and 
the intersection of the curve representing average mobilities at various hydrogen- 
ion concentrations with the zero mobility axis is the average isoelectric point. 
A method has been presented here for estimating the width of the isoelectric 
range, assuming that the 7.i-pH curves are linear in this range and have the same 
slope for all the charged forms of the protein. In the ca.se of human yrglobulin 
the mobility distribution may l)e represented by the Gaussian probability func- 
tion, and this leads to a Gaussian distribution of the isoelectric points. If the 
M-pH curves are not linear and the heterogeneity constant is a function of pH 
in the isoelectric range, a non-Gaassian distribution of isoelectric points would 
be obtained, but to study such distributions refinements will have to be made in 
existing methods. 

It is possible to draw definite conclusions from electrophoresis spreading ex- 
periments only under certain restricted conditions. The theory leading to equa- 
tions 2 and 4 assumes a Gaussian distribution of mobilities, the absence of ex- 
traneous spreading effects, and the same diffusion constant for all the protein 
molecules present. It is not necessary for all the molecules to have the same 
diffusion constant if the spreading resulting from diffusion is negligible com- 
pared to that caused by electrophoretic inhomogeneity, and in this particular 
case the actual distribution in mobilities may be obtained directly from the gradi- 
ent curves. In order to reduce spreading caused by conductivity and pH ef- 
fects, it is necessary to carry out spreading experiments at the average isoelectric 
point of the protein, because at present little is known about the conductivity 
and pH gradients which cause spreading and sharpening effects in moving 
protein boundaries. Thus, spreading experiments yield information concerning 

* The authors are indebted to Dr. M. Kunitz for the crystalline sample of this protein. 
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homogeneity only in the isoelectric range, and it is possible that a protein may 
appear to be homogeneous near its isoelectric point but not be homogeneous in 
another pH range. Another important consideration for electrophoresis spread- 
ing experiments is that in order to avoid convection tlie field strength must re- 
main below a maximum determined by the conductivity of the buffer and the 
allowable power dissipation. Using the schlieren optical system, the minimum 
increase in the apparent diffusion constant which we consider significant is about 
1 X 10~’ cm.2 stic.“' after an electrophoresis of 5 hr. duration. Accepting this 
minimum increase in the minimum heterogeneity constant which may be 
determined in a 10-hr. experiment (5 hr. in each direction) is 0.17 X 10""® at a 
potential gradient of 2 volts/cm., 0.084 X 10~® at 4 volts/cm., 0.056 X 10~® 
at 6 volts/cm., and 0.033 X 10~® at 10 volts/cm. These figures show that 
spreading experiments at higher potential gradients (lower ionic strengths) will 
be a more sensitive test of electrophoretic homogeneity. However, under these 
conditions there is more danger from anomalous spreading effects tecause of 
the lower ratio of salt to protein. 

With the possible exception of ribonuclease, none of the proteins studied have 
been found to be complet^ely homogeneous by the electrophoretic criteria. It 
is not surprising that the antibody proteins, human 72-globulin and immune 
lactoglobulin, show ixnersible spreading in view of the fact that they contain 
many different antibodies. It might be expected that proteins with simpler 
biological functions would te more likely to be homogeneous by all criteria. 
The same procodur(‘s should be applicable to the study of the homogeneity of 
other (jolloidal electrolytes, such as the bacterial polysaccharides, viruses, and 
gelatin. 
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X-RAY DIFFRACTION STUDIES IN THE SYSTEM Ni0-Cr*0,-Zr0*' 

W. O. MILLIGAN and L. MERTEN WATT 
Department of Chemistry, The Rice Institute, Houston, Texas 

Received August iS, tSlfl 

Mutual protective action has been previously observed in several dual oxide 
systems such as: Cu 0 -Fe 203 (1), NiO-AljOs (2), FesOa-CraOs (3), and OaOs- 
ZrOi (4) . In these dual systems of hydrous oxide gels heated at various tempera- 
tures, the presence of one oxide prevents or retards the crystallization of the 
other. In this paper the phenomenon of mutual protective action has been 
extended to the ternary oxide .system NiO-CrsOa-ZrOa. The entire range of 
compositions at a constant temperature level has been systematically studied, 
using methods previously used in two-component systems. 

EXPERIMENTAL 

Preparation of samples 

Sixty-six gels corresponding to compositions of every 10 mole per cent in the 
temar>' system NiO-CrjOa-ZrOa were selected for preparation and study as 
indicated in table 1. The gels were prepared at room temperature by the addi- 
tion of a slight excess of ammonium hydroxide to mixtures of solutions of nickel- 
ous nitrate (0.5 M with respect to NiO), chromic nitrate (0.5 ilf with respect to 
CrjOa), and zirconium nitrate (0.5 M with respect to ZrOa), using a rapid-mixing 
device described elsewhere (5). The amounts of ammonium hydroxide solution 
required were determined by preliminary titrations using a glass electrode for 
determination of pH values. In one set of experiments the resulting gels were 
thrown down in a centrifuge and transferred without further washing into 
evaporating dishes, in which they were allowed to dry in air at room tempera- 
ture. In a second set of experiments duplicates were prepared of all gels (ta- 
ble 1) rich in nickel or chromium. These samples were washed in a centrifuge 

* Presented at the Twenty -first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 
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until the supernatant liquid no longer gave a test for nitrate ions, and were air- 
dried as described above. 

Separate portions of each of the samples were heated for 2-hr. periods at 
50()®C. in a thermostatically controlled electric furnace. 

TABLE 1 


Composition of gels in the system NiO-Cr-sOr-ZrO* 


SAMPLE NUMBEB 

COMPOSITION, MOLE PE* CENT 

SAMPLE NUMBER 

COMPOSITION, MOLE PER CENT 

NiO 

• CraOi 

ZrOa 

NiO 

CraOi 

ZrO* 

1 

100 

0 

0 

34. . . 

50 

10 

40 

2.. .. 

90 

0 

10 

35 

40 

10 

50 

3 

80 

0 

20 

36 

30 

10 

60 

4 

70 

0 

30 

37 . . . 

20 

10 

70 

5 

60 

0 

40 

38 .. . 

10 

10 

80 

6, ... 

50 

0 

50 

39 . .. 

10 

20 

70 

7 

40 

0 

60 

40 .. 

10 

30 

60 

8. .. 

30 

0 

70 

41 

10 

40 

50 

9 

20 

0 

80 

42 .. . 

10 

50 

40 

10 

10 

0 

90 

43 ... 

10 

60 

30 

11 

0 

0 

100 

44 

10 

70 

20 

12 .. 

0 

10 

90 

45. . 

10 

80 

10 

13 

0 

20 

80 

46. . . 

20 

70 

10 

14 

0 

30 

70 

47. 

30 

60 

10 

15 

0 

40 

60 

48 . .. 

40 

50 

10 

16 

0 

50 

50 

49 

50 

40 

10 

17 . . 

0 

60 

40 

50 . s 

60 

30 

10 

18 

0 

70 

30 

51 

70 

20 

10 

19 

0 

80 

20 

52. . 

60 

20 

20 

20. . 

0 

90 

10 

53 . . 

50 

20 

30 

21 . 

0 

100 ! 

0 

54 . . 

40 

20 

40 

22 

10 

90 

0 

55 . . . 

30 

20 

50 

23. 

20 

80 

0 

56 . 

20 

20 

60 

24 

30 

70 

0 

57 . 

20 

30 

50 

25 

40 

60 

0 

58 .. * 

20 

40 

40 

26.. . 

50 

50 

0 

59. . 

20 

50 

30 

27 

60 

40 

0 

60... . 

20 

60 

20 

28 

70 

30 

0 

61 

30 

50 

20 

29. . 

80 

20 

0 

62 

40 

40 

20 

30 . ... 

90 

10 

0 

63. . 

50 

30 

20 

31. .. 

80 

10 

10 

64. . 

40 

30 

30 

32 . ... 

70 

10 

20 

65. 

30 

30 

40 

33 

60 

10 

30 

66 . 

30 

40 

30 


X-ray diffraction analysis 

X-ray diffraction patterns were obtained for all of the samples which were 
heated to 500°C. Chromium x-radiation was employed, using a vanadium 
pentoxide filter to remove the Kp x-radiation. The results of the x-ray exam- 
ination are given in figures 1 and 2. 
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DISCUSSION 

Impure 

Samples rich in nickel oxide and chromic oxide which were not washed free of 
ammonium nitrate were found to be brownirfi rather than green in color and to 
yield some weak x-ray diffraction lines distinct from those of nickel oxide and 
chromic oxide. These weak diffraction lines and the brown color vanished when 
the samples were heat-treated to a temperature of 600°C. or higher. These 
results suggested that (a) the ammonium nitrate oxidized the chromic oxide 
during its decomposition which occurred when the unwashed gels were heated 


lOOZ Cr203 



lOOXfllO Mil...-. .I..-.- - - I '"loojrZrOj 

Fig. 1. X-ray diffraction patterns of NiO-OjOj gels heated to 500“(!. 

to 500°C., and (ft) the new chromium oxide (probably protected or stabilized 
by the nickel oxide) was stable to SOO'C. but not to 600°C. 

Waited NiO-CrjOs gels heated to 500°C. do not yield these extra diffraction 
lilies, but these mixed oxides heated in the presence of added ammonium nitrate 
become Ifirown in color and show the new lines. It is believed that these extra 
diffraction lines correspond to a chromium oxide intermediate between CrjOa 
and CrOa. Further studies are being c-arried out in this laboratory. 

Pure samples 

The results in figures 1 and 2 refer only to samples free of the “intermediate 
chromium oxide” discussed above. It will be noted in figure 1 that the system 
NiO-CraOs exhibits mariced mutual protection, and that as little as 30 mole per 



234 


\V. O. MILLIGAN AND L. MERTEN WAIT 


evident at higher t.emperatui’e levels ((KIO -TOO^C.) ; these ^unfinished studies at 
higher temperatures will be reported in a subsequent paper. 

The results of the extensive x-ray diffraction study of the entire three-com- 
ponent system are given in figure 2. It is inherent in this method of presenting 
a large amount of data in summarized form, that the degree of crystallinity can- 
not be ^presented concurrently with the other results shown. Figure 2 is ex- 
tended simply to summarizii the (composition regicjns wherein amorphous and 
crystalline phases are found. It should be noted that since samples were only 
pi*epared every 10 mole per (cent, the boundaries between the various amorphous 
and crystalline regions may not be as sharp as the figure suggests. 

An extremely large composition region exists wherein all samples are essen- 
tially amorphous to x-rays. It is evident that each oxide is mutually preventing 
the crystallization of the others. It would be expected that the amorphous 
zone w'ould diminish in area if the samples wci*e heat-treated to a higher tempera- 
ture level. 

A slight amount of shift in the interplanar spacings of the (chromic oxide pat- 
tern was observed in the two-component system Cr 2 () 3 -“Zr() 2 , in confirmation of 
previous results (4). In the system NiO"Zr ()2 it will lie noted that there exists 
a small (composition region in which the g(4s consist of mixtures of crystals of 
nickel oxide and zirconium oxide. This zone would probably widen at high(‘r 
temperatures in analogy to the behavior of the system ('r 2 () 3 -Zr ()2 (4). 

SUMMARY 

The following is a brief summary of the results of this investigation: 

1. Mutual protective action against crystallization, previously observed in 
scn^eral two-component systems, has been extended to the three-component- 
system Ni( )-Cr 2 ( Is- Zr( > 2 . 

2. An extensive amorphous zone of composition has been observed in this 
system at a temperature level of 500°C'. In this amorphous region each oxide 
exerts a mutual protective action by preventing the crystallization of the others. 

3. In samples rich in chromic oxide and nickel oxide, which were not washed 
free of ammonium nitrate, it has been found that during heat-treatment at 
500°(\ the decomposing ammonium nitrate may partially oxidize the chromic 
oxide to form a new crystalline phase exhibiting new diffraction lines. 

4. This new crystalline phase is believed to consist of an oxide of (‘hromium 
intermediate between Cr 2(.)3 and (-rOa and is being studied further. 

The authors are grateful to (Jordon 1^. Bushey and Harry B. Wliitehurst for 
their assistance in preparing and examining some of the samples employed in 
this work. 
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SEDIMENTATION EQUILIBRIA OF POLYDISPERSE 
NON-IDEAL SOLUTES 

I. Theory^*^ 

MICHAEL WALES 

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 
Received August 25, 1947 
INTRODUCTION 

The usefulness of sedimentation methods in physical chemistry has been amply 
demonstrated. There are two distinct methoiis of approach, one based on the 
sedimentation-equilibrium and the other on sedimentation-velocity observa- 
tions. The possibility of making a molecular-weight analysis of a mixture is 
one of the great advantages of the ultracentrifugal techniques. Much progress 
in tliis direction has been made in the case of the globular protein and polysac- 
charide systems, but the interpretation of the data in the case of solutions con- 
taining long-chain solute molecules has had its difficulties. 

In an article by Svedberg (10), having to do with the cellulose molecule, detailed 
consideration is given to the application of the combined sedimentation-velocity 
and diffusion data to the study of solute size and size distribution in solutions 
containing cellulose and its derivatives. However, there are here some serious 
experimental problems to be overcome before success can be complete. Wff shall 
prefer at this time to investigate the possibility of the application of the sedi- 
mentation-equilibrium method to systems containing long-chain hiolecules. ^ 

The interpretation of equilibrium ultraeentrifuge data for systems of this kind 
has been rendered difficult by pronounced deviations from Henry's law at very 
low concentrations. However, progress can be made by taking account of the 
deviations from ideality, if we can assume that at a given temperature these 
deviations are the same as in the other thermodynamic properties, such as osmotic 
pressure (12). 

1 Presented at the Twenty-first National Colloid Symposium, which was held under the 
auspices of the Division of Colloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. This paper is based on a thesis submitted by Michael 
Wales to the Faculty of the University of Wisconsin in partial fulfillment of the roquirc- 
monts for the degree of Doctor of Philosophy, October, 1947. 

® This work was supported in part by a grant from the Wisconsin Alumni Research Foun- 
dation. 
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THEORETICAL 

Consider a column of solution of unit cross-section and length, do:, in a centrifu- 
gal field. At equilibrium, the change in potential energy in moving Cx grams of 
materials through the distance dx to a point where the concentration is Cx + dc^ 

will be balanced by the work done against the osmotic-pressure difference (i) d*. 

Let the osmotic pressure be given by 

RT I 1/ ! 


at any point at a distance x from the center of rotation in the column of solution 
of unit cross-section. 

Then the condition for eciuilibrium in the column is 

c*(l ’—Vp)i/xdx = (2) 

w^here w is the angular velocity and V the partial specific volume of solute. This 
is equivalent to stating that the partial molal free energy of the solute is the same 
at all points, at equilibrium. Differentiating equation 1 and remembering that 

Mn. = Mox = (3) 

Cix 

^ M, 

where the subscript refers to species i, we obtain 


E - fp) = RT Z -L + 26' Z c. 

• t dx Mi dx X 


(4) 


If this equation is broken up into i equations, using the separation functions 

2 /i \ HT dci , 1 dcx /ii.\ 

(5) 

where 


• 1 

6' = i J 

2 Sc. 


( 6 ) 


No assumption is made as yet as to the behavior of the separation functions 6,. 
Suppose, however, that for the system under consideration 

Sb' ^ 

-- . 0 (7) 

(from experimental measurements of osmotic pressure) 

dM “ 


0 


( 8 ) 
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(for measurements on successive fractions). Furthermore, suppose that b' does 
not vary with molecular-weight distribution for polydisperse material.’ It must 
be also emphasized that equation 8 and the last condition would not be expected 
to hold for material containing molecules of different composition and/or very 
different degrees of branching. Employing equation 6 and reformulating the 
conditions 


0 = 


db' 

dc 


Id 

2dc 


2 ; 



(9) 


where y, is the weight fraction of species i in the mixture. 
Since db' /dc is zero for any distribution of y.’s, 


and from equation 8 


then it follows that 



dMi 


Wi-i 


= 0 


( 10 ) 


( 11 ) 


bx - /(y. • ■ • yn), b, - 2b' when y, = 1, (12) 

1, = "tk = • • • y« = 0 

Formulating equation (i in terms of they< and performing an arbitrarj’^ variation 
in the y, we have 

= 0 = 26b', E«T. = 0 (13) 

% I 

where 

Bbx^'Lp Syj (14) 

Using the method of undetermined multipliers and combining the terms of equa- 
tions 13 and 14 we obtain 

^ 7i ^7; = 0 (15) 

and since the 8yj are arbitrary 

-Zy.p^b,-a (16) 

* ^7/ 

Avhere a is an arbitrary constant. 

An obvious solution to this set of equations is found by applying the boundary 
conditions of equal ion 12. 

* The system polystyreiic-buianone is believed to exhibit this behavior, on the basis of a 
large number of osmotic measurements on solutions of 0.1-2 per cent by weight. (R. H. 
Ewart and II. C. Tingoy : Paper presented at the 111th Meeting of the American Chemical 
Society, which was held at Atlantic City, New Jersey, April 14-18, 11)47.) 
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O = &i = by = 5* = • • • b» = 2b' (17) 

While there is some doubt as to whether this is the only solution of equation 16, 
it is certainly the simplest solution and hence to be preferred on physical grounds, 
in the absence of any other information. 

Now returning to equation 5: 

S Mid 

= M^ix ~ ~ 2]) Miyi 

Ci 

% 

‘ {*+'•? ^-} - ? ^‘} <“> 

It can be seen from this equation that the more non-ideal the p/c vs, c curve 
i.e., the larger the b,’s, the greater will be the deviation from ideality. The higher 
the concentration of the solution and the higher the molecular weight of the 
solute, the greater will be the deviation from ideality. For very low molecular 
weights the deviation becomes negligible (in practice, below about A(„ = 60,000 
for 0.1 per cent solutions in carbon tetrachloride, and for somewhat higher 
molecular weights in methyl ethyl ketone) . 1 1 is also obvious that if 5, is some in- 
volved fimction of the Mi's or the y.’s or both, a theoretically exact calculation 
of a true M„ from the dc/dx and c* obtained experimentally would be extremely 
difficult, to say the least. If the b.’s are all the same function of total concen- 
tration, the calculations are simple. However, assuming that all the b,'s are 
equal and constant, as previously justified, in the case of a suitable solvent 


Mu 


dc» 

dx 


® e) 


(19) 


* An alternative and more compact formulation, proposed by Dr. R. H. Ewart, General 
Laboratories, U. S. Rubber Company, Passaic, New Jersey, is here reproduced. 

Making use of equation 1 it follows by the application of the Duhem equation that 


OTdJin^ 
M dx 


-f- 2b* dc* 


(1 — Vp)(t)^ X dx, 


B « 


RT 


or if 


2A 




RT 


dcg 

dx 


^Ax - 


B Mcs 
dx J 


This represents the important correction for nonddeal solutions in a monodisperse system. 
With polydisperse systems it is not possible to solve the Duhem equation in order to get 
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where 


B = 


209b' 

RT 


A = ~ 

2RT 


>,/ _ mm. solvent 

( grams pclj^merV 
100 g. solution/ 

In any event the maximum uncertainty in an experimental determination of B 
is about 10 per cent. Variations with molecular weight of this order of magni- 
tude could not be readily detected. The error in M,* resulting from an uncer- 
tainty in B is: 


^ = c,M,,AB ( 20 ) 

Mix 

For polystyrene-butanone, an especially favorable case, this amounts to an error 
of about 1 per cent for a molecular weight of 100,000 at 0.3 per cent by weight, 
assuming 10 per cent error in B, This indicates an error of 5 per cent due to this 
cause at = 500,000. This error could, of course, be decreased by going to 
lower concentrations. A concentration of 0.2 per cent by weight is still high 
enough to obtain fair results. A considerable improvement would result from 
the use of the osmotic balance in determining B (4). 

In an actual \iltracentrifugal experiment an excess pressure of 1/2 to 18 atm. 
may be developed in the sedimentation cell by the centrifugal field. The con- 
stant B is evaluated from measurements at atmospheric pressure. An expression 
for its rate of change with pressure should prove useful.*^ It is estimated that 


the above for each solute component. However, since for such systems it has been found 
that 


* Mi 


it is consistent with the Duhem equation if 


dcix 

dx 




MiCxx 


In these equations B is a constant. However, it should be emphasized that this is merely 
an assumption which happens to be consistent with the Duhem equation. This is the im> 
portant equation for treating polydisperse non -ideal solutions of polymers, and equation 19 
follows directly from it by summation. It can also be shown that equation 25 can be ob- 
tained from it with complete generality, provided jB is a constant. 


^ In general, and using Lewis and Randall’s notation 

R'T Tdlnos 
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this effect is negligible compared with the uncertainty in B, on the basis of the 
data of CJee and Treloar (3) on the partial specific volume of rubber in benzene. 
In any event the extremely high speeds are used only for samples of very low 
molecular weight, where the non-ideality correction is unimportant anyway. 
For cases where this is appreciable, P <2 atm. over atmospheric. 

Now Ml has been obtained. If it is calculated correctly, M^, Mi, Mi, Mi. .. 
etc. may be obtained from it and its change with height in the sedimenting column 
in principle. This is demonstrated in the following way: 


dMi 

da; 


T.M,p 

i da; 


i ^ 

cl da; 


E CiMi 

t 


( 21 ) 


Then from equation 19 


E M 

t 



(22) 


Substituting in equation 6 and remembering that 


Mi s M. 


UmIc, 

% 

E Mid 

% 


we obtain 


Mtx = Ml* + Mu 



(23) 


(24) 



where the volumes are partial specific and specific volumes, respectively. So that 


It can be shown that 


d dFi 
dp dc2 


BC2 


(Vt - F.) 


dct 


MiCt 


+ 20 gb' 


Hence 

( dB\ ^ 20gdb' 
RTBp 

which is very small, since F| ^ F*. 


J-. A. 

RT Bct 


(F,- F,) 



SEDIMENTATION EQUa.IBRIA OF POLYDISPERSE SOLUTES 


241 


It can be shown in a similar manner that 




Mix 


/din 

\ dine; / 


for all values of q, positive or negative, where M, is defined as: 




Z MUi 

J 

Z Mr*'c. 

i 


(25) 


(26) 


It is thus possible to obtain ^‘point’* values of any moment (molecular weight) 
by knowing the moment below it as a function of concentration. In theory, the 
initial moment may be any moment and need not have been calculated from 
the change in concentration with distance. However, it can be seen that to do 
the reverse calculation involves an arbitrary constant of integration. Never- 
theless in certain cases where at some region of the sedimentation cell Mi and M^, 
are close together, the integration constant for Mo may be evaluated with a fair 
degree of precision.® 

For Mox = Mnx we have, from equation 24: 


• It can be proven that there is no point in the cell, except for the monodisperse case, at 
which the material has the same average molecular weights as the whole polymer. For the 
concentrations at which the zeroth, first, and second moments have the same values as the 
over-all values for the whole polymer, we have: 


Co 


cf 


cf 


I 

f 


f 

•'a 


xcx dx 


~Mu 


■''xdx 


. Mu 


xc,lMu — Aful dx 

t 2 

1 dx ~ — dx 
» a dCx 

x\M%x — Mu\ dx 

1 

/•'■ dMu. 

/ c,x -- — dx 
J« df. 


xcxlMixMix - Mi,) dJ- 


f xlMtxMu - M|,l dx 

•'a 


Here 

c* » the concentration where Mox * Mo =* Mn 

cf « the concentration where Mu =» Mi =* Mu> 

c* = the concentration where M^x ^ ** M* 

and X is the distance from the center of rotation to any point . If can be seen that all con- 
centrations are unequal, except when Mu = Mu — Mzx etf , the monodisperse case. 
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The solution of this equation is 


( 28 ) 

where iiCa is a constant of integration. This form was used by Lansing and 
Kraemer (6) . Criteria for estimating Ka can be developed. By combining two 
moment recursion formulae: 



(29) 


It is now possible to make two approximations. The derivative in the brackets 
may be taken as zero or as equal to 


din 


Mu 


d In Cx 


Then one obtains a value for Mo* at some point which can be used to evaluate 
the integration constant in equation 28. This should be done at a point in the 
sedimentation cell where all moments are as close together as possible, excluding 
the ends of the column. For positively skewed molecular-weight distributions 
the derivative in equation 29 should be positive. Hence if it is taken to be zero, 
the result will be too low. Conversely, if it is taken to be equal to 


din 


Ma 

Ml, 


d In Cx 


the result will be too high. For fractionated material this choice is frequently 
immaterial, since there is a region in the cell where 


din 


Mt 


d In Cx 


is very close to zero. However, in other cases this procedure may not be very 
satisfactory. The best that can be done is to take the mean of the two ap- 
proximations. 

Having derived relationships for calculating "point values” of various average 
molecular weights, or moments, it remains to convert them into the correspond- 
ing values for the whole polymer. This may be readily done by means of the 
following expressions: 
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5 - 2 . 3 . 4 -- 


Mo s iW„ = 


Ml s M„ = 


f 

•'a 


dw 


dw 

Mox 

Mm) dw 


/ 

•'a 


dw 



dw = xCx da; for a sector-shaped cell 
dw = Cx dx for a linear cell 


(30) 


(31) 


(32) 


(33) 


Sometimes in the sector-shaped cell a factor {x dz 6) must be substituted for x in 
case the point of the sector does not coincide with the center of rotation. 

Now the problem of obtaining information about the molecular-weight dis- 
tribution of the polymer presents itself. We may proceed in two different ways: 
first, to calculate as many moments of the distribution as possible and try to fit 
them by some empirical distribution curve; or second, to solve an integral 
equation. 

(7) Since the moment depends essentially on the derivatives of the concen- 
tration up to and including dV^/cb^, the uncertainty in the moments will be the 
larger, the higher the moment. This is due to the fact that dcx/dx is obtained 
experimentally using the Lamm scale method (6, 11), and as one goes to higher 
and higher derivatives the uncertainty in the derivatives becomes larger and 
larger. Also, the portion of solution very near the high-concentration end of the 
cell becomes the decisive factor in determining the value of the moments, as 
higher moments are calculated. 

It has been found possible in practice to go only as high as ilfa ^ with any 
degree of reliability. The foregoing recursion formulae are used, slopes being 
computed graphically with a tangent meter. The criteria for reliability are ad- 
mittedly meager. Values of Mzx which increase regularly with concentration 
without too much irregular variation are taken as being reliable. At that, Mz 
may be in error by as much as db 20 per cent, judging from experiments on mix- 
tures of polymers (13). The recursion formula is also used in calculating M, 
in preference to the older methods which gave average values of Af, over an in- 
terval instead of point values (6, 12), 

In practice, four moments are usually available. Thus, these moments may 
be us^ to estimate the constants in the following distribution functions (2, 
6, 9): 
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dW = 


M„fi s/ IT 


-(l/(SMnS(il//m)) 


(34) 


where 


m = M„ = Mo = M/ and M, - 

(1 - 


TF(p) dp = 


Tib + 2 ) 


p _ a" dp 


where p, = g**’ moment expressed as a degree of polymerization = 


(35) 
5 + g 4- 1 

1 — a 


and functions of the type 

(36) 

What we have here, then, is a curve which can be considered to approach the 
true distribution on a basis of agreement with four moments. It must be also 
remembered that there is an added uncertainty in due to the approximation 
procedure we have described. 

Unfortunately, equations 34, 35, and 36 freciuently cannot be made to fit the 
behavior exhibited by imperfectly fractionated polystyrenes at all (13). In 
this event the total distribution curve (or moments) may be resolved into two 
superimposable distributions by splitting the In r,s. curve into two parts 
and proceeding with each part, as before. This leads to a rough visualization of 
the shape of the true distribution curve. This method was applied to data for 
some polystyrene fractions, and the results will be (lis(*ussed with other experi- 
mental data (13). 

{2) If one attempts to fit a generalized curve, such as a sum of terms of the 
form of equation 34, 35, or 36, to a set of moments, the labor is so great that it 
is just as easy to solve the integral eciuation of sedimentation ecjuilibrium, which 
wull now be developed. This gives the di.stribution function directly^ and the 
solution offers no theoretical mathematical difficulties for a continuous dis- 
tribution of molecular weights. This procedure is similar in principle to that of 
Rinde (8). 

From equation 5 it follows tliat 

= Ctp exp MjG{x) (37) 

where 

(}{x) = A{x^ - xl) - B{c, - Cp) (38) 

’ It lias been shown that, in theory, an infinite number of moments of any distribution 
may be determined from a sedimentation equilibrium experinuint. This means that one 
and only one real positive function, the differential molecular-weight distribution curve, is 
defined by the experiment and in principle the solution of e(|uation 41 is unique. The re- 
striction of continuity of f{^f) is not necessary for this conclusion. The only source of 
trouble is that an inordinately large number of terms may be required in equation 44 to 
represent y{M), This is to be expected, of course, with discontinuous distributions. It 
may also occur with a distribution with two wudely separated peaks, as in associated poly- 
vinyl chloride (1). This difficulty may be removed in some (‘ases by use of equation 45. 
A Fourier integral representation of J(M) or y(M) has been tried but has proven imprac- 
ticable. 
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using some reference point jp, Cp, Let the initial over-all concentration of 
species i be Cn,. "rhen 


CfH 


C'lf) /*fa 


- a2 


+ 8(b - a) 


f (a" + 5) exp AftG(x) dr 

•'a 


(39) 


from a material balance on species i. Here 5 is a correction for non-coinci(lenc(‘ 
of the ceiiler of the (^ell se(*tor ^ith the center of rotation and is included since it 
was found necessary for the cell used in this investigation. The distances of the 
ends of the column of solution from the center of rotation ar(‘ denoted by a and 
h. Hence 


Coi 




1)^ - o? 

2 

*/> 


+ 5(/> — tt) f CLXp MJiix) 


[ (x +5)cxpM,G(,r)<lv 


(40) 


Passing to a ‘^continuous’^ distribution of molecular weights, 


Cjr 

C‘n 


f/>“ - 
= \ 2 


1 r f(M) exp MOU) dM 
f (r + 6) oxp MCix) dr 

•'a 


(41) 


Here f{M) is the differential weight -distribution function of the polymer; Cx/cq, 
the ratio of the concentration at distance* .r to the initial concentration, and 
G{x) are known functions of u\ All constants are known exp(*rimen tally. The 
arbitrary constant in G{x) may now be set ecpial to zero, sin(*(* it c'ancels out in 
ecpiatioii 41. This e(|uation may be solved by letting 

'■"=/’ y{}f) pxp Ara(.r) ilM (42) 

Co Jii 


where 


y(M) - + Hb - a) 


liM) 

f (r + S) oxp MG(x) dr 


(43) 


AsHumiug that yiM) may be represented by a finite niimf)er of terms of the 
form 4/V 

7(M) = 0 *'"1; (44) 

;«1 


This is justified in general, since y(,M) is zero at ilf == 0 and at il/ — ► oo . 
The expiession 

yiM) = 

j-i 


(45) 
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could also be used, although equation 44 is more general. Here, the exponent 
m is selected from a consideration of the moment ratios, a narrow distribution 
requiring higher values of m than a broad distribution (10). This solution 
requires a great deal more numerical labor than equation 44. Substituting 
equation 44 into equation 42 and integrating. 


where 


Co ,-i ^ 


K - G{x) 


The constant K is arbitrary but must be taken so that q is always positive. 
Let 


i: - i: i ( 7 ) = Hv) (49) 

/-I }-i V \Co/ 

The function is known from the experimental data and equations 46 and 

47. This is then fitted by a polynomial in p of the form 

i'iv) = + giv + g^p^ + • • • (50) 

Then, equating coefficients: 


The use of equation 45 in the same manner gives: 

i “ S {A',- - G(x)r+' 


Here one selects experimental points (cn, x) to determine as many constants 
Kj and $j as required. It can be easily seen that the solution of equation 52 is 
extremely tedious. The criteria for a fit are (i) that the final f{M) obtained 
shall be everywhere positive, or at least if negative in places the contribution 
from these areas be negligible compared to the rest; that equation 46 repre- 
sent Cx/cq well over the whole range. 

Now the function y{M) has been evaluated. 

The integral / (x + 5) exp MG{x) dx is then evaluated, numerically or 

•'a 

otherwise (depending on G{x)), and from equation 43 the fimction/(M) may be 
obtained. At worst, the integral in the denominator of equation 43 may be 
evaluated numerically for a set of values of M, and j{M) may be obtained as a 
set of numerical values. Needless to say, this whole calculation is very time- 
consuming. There is also the question of the correctness of the final result. 
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A particular advantage of this method is a determination of free from ap- 
proximation. 

This seems to be the best, if not the easiest, way to interpret sedimentation- 
equilibrium data. Even if no great reliance is to be placed on the function /(A/) 
as such, the value of Afo ^ Mn calculated from it by integration is subject to no 
approximation, and is as reliable as values of Mu, calculated from tlie data by 
methods outlined here. The ideal characterization of a polymer sample from 
equilibrium ultracentrifuge data would consist of specifying /(A/) as a solution of 
equation 41 and then giving values of Mn and Mu, calculated from it. Such data 
are fully as reliable as osmotic-pressure and light-scattering evaluations of the 
same quantities, provided the solvent-polymer system is of the type treated here 
and the molecular weight of the polymer is not excessively high. For samples 
of extremely low molecular weight where it is difficult to find a suitable membrane 
for osmotic-pressure work, this approach offers a very precise and reliable 
method for the determination of Afn. Tt should be also pointed out that in 
this molecular- weight range the correction for non-ideal behavior is negligible, 
thus simplifying the solution of equation 41 and permitting a wide choice of 
solvents. 

So, with sucii advances in theory as are here described, and with the develop- 
ment of potentially more precise experimental techniques (5), it is felt that we 
can be more optimistic than Mosimann (7), who has remarked that the sedi- 
mentation-equilibrium method cannot be used for cellulose derivatives of molec- 
ular weight higher than 80,000. And in extending the range of the instrument, 
there an^ important problems which now may be studied. 

For instance, on the basis of data recently obtained (13), it is believed that 
reliable information aliout the molecular size distribution of high polymers may 
result from sedimentation-equilibrium studies. This method could be also 
extended to association colloids. 


SUMMARY 

Equations have been developed to permit the calculation of molecailar weights 
and molecular-weight distributions in non-ideal systems from sedimentation- 
equilibrium exiK^riments. A general method for the computation of any moment 
of the molecular-weight distribution has lieen developed. The range of useful- 
ness of this relationship is limited by the accuracy of the experimental data 
available. 

All derivations in this paper rest upon the assumption that 


1 / = = 
dc 



where the 6 »’s are independent of molecular weight and concentration. Here 
b is the osmotic pressure, c is the concentration, and 7 , is the fraction of species 
i in the polymer mixture. 

It is believed that, in principle, the best method of characterizing a polymer 
by sedimentation equilibrium is to calculate the weight-distribution curve 



248 


MAURICE L. HUGGINS 


from the measurements. By using this curve one may obtain Afo = Mn and 
Ml ^ 

This metliod of evaluation of does not reciuirc a membrane and can be used 
for polymers of very low molecular weigh!. 

The writer wishes to express his gratitude to Dr. J. W. Williams, under whose 
direction this work was carried out. Further, he desires to thank Dr. R. H. 
Ewart of the General Ijaboratories, United States Rubber Company, Passaic, 
New Jersey, and Dr. Gerson Kegeles of this Laboratory for their unfailing in- 
terest and cooperation. 
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THE EFFP:Gr OF SIZE, SHAPE, AND FLEXIBILITY OF THE SOLUTE 
MOLECTTLES ON TTIE PROPPIRTIES OF (X)LLOIDAL 
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Received August 25, 1947 
INTRODUCTION 

An equation has been dedu(;ed by the writer ((L I 1 ) for the entropy of mixing 
of solutions of large flexible chain molecules, on the basis of which it has been 
possible to explain the large deviations from the ideal solution '‘laws'' which arc 

^ Presented at the Twiuity-ftrst National C-olloid Symposium, which was held under the 
auspices of the Division of ('olloid Chemistry of the American Chemical Society at Palo 
Alto, California, June 18-20, 1947. 

2 Communication No. 1159 from the Kodak Research Laboratories. 
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observed, oven when the heat of mixing is negligible. Several others (1-5, 
13“ 16), using different proeedurcs, have arrived at essentially ecpiivalcnt results. 
It is now generally agreed that this llieory and the e(|uat.ions dcdueed thereby 
are fundamentally correct, though requiring some extension to make them (|uan- 
titatively applic.able to high conc.entrations or to a(*4ual solutions which do not 
conform closcOy to t he inod(4 chosen for the theoretic^al tlevelopment. 

It is not at lirst apparent whether the large dciviations from the ideal solution 
laws, obtained theoretically and exix^rimentally, result primarily from the large 
.nzc of the solut(‘ molecules, their shape, or then jlcxitnlity. To settle this (ques- 
tion, in pai-t, equations for the entropy of mixing and related (quantities have 
been derived by methods not differing greatly from those' used for solutions of 
chain molecnjles, for solutions of large spherical and large rodlike molecules.^ 

In th(' pn'seuit- pap(‘r ('equations are derived for the general case of rigid solute 
particles of any assumed shape*. These rediu^e, for the sjx'cial cases previously 
dealt with, to the (Rquations then obtained. In this treatment, the hypothetical 
lattice* assuinptioji is avoided, sin(»e it is both artificial and unnecessary (r/. 5). 

DERIWTION OF (iENKRAL KQIHTIONS 

We <!onsid('r a solution of N solvent and N soluh* molecules, occupying a 
volume V. We wish t-o cal(*ulate the dependence on concentration of the entropy 
of mixing, i.(*., the difference between the (uitropy of the solution and (he sum of 
the entropy of N solvent mokMTiIes in pure li(qui(l solvent and the entropy of 
N s<jlute molecules in puiv li(quid solute. 

Th(* entropy of tlie solution (consists, in part, of th(* (uitropy associated with 
inU'rnal randomness of the molecules, and with their vibration, rotation, and 
orientation. For the solvent molecules we may reasonably assume, as a closer 
approximation, that the (uitropy (per molecule) of lh(*s(' tyqx^s is the same whether 
the molecule's are in th(* (dilute) solution or in (he pun* solvent liquid. For 
th(* solute molecules, we can likewise assume that the entropy (per molecule) 
of these* tyjx's is inde|X‘nd(*nt of the coiKH'iitration in th(‘ low concent rat i(3n range 
in which we an* inten'sted, differing from that in the qiure liquid solute by a 
constant amount. 

With th(*se assumptions, we may limit our (‘onsideration to the distributional 
entropy associat(*d with the irregular placem(*nt. of the two kinds of molecules 
in th(* solution. For the piesent, we assume the distribution to be perfectly 
random, n*alizing that our results will have to be ino(iifi(‘d when applying them 
to solutions in which intermolecular forces tend to produce* departures fiom 
jx*rfe(^t randomness. 

To compute the distributional entropy of the solution, wo imagine the volume, 
V, to lx* at first uiu)(*(aipied by m()le(*ules ; we then (hyqx)thetically) add th(^ 

® TIicho rosults pn'sented at lh<* (’olloqujuiii on iliRh Polymers at Strasbourg, 

France, November 25 30, 1945 (The q)nn1(Ml report tlH includes only the treatment ol 
the spherical case.) Some of the equations and constants pr(\sented then* and in this paper 
are eiquivalent to some previriusly deiived ]>y a different procedure by Zimm (lb), as will 
be shown. 
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N solute molecules, one at a time, and deduce the entropy contribution of each 
such addition. Assuming additivity of volumes, the volume remaining after all 
the solute molecules have been added is equal to the volume which N solvent 
molecules would occupy in the pui’e solvent. We may, with negligible error, 
assume the entropy associated with filling this volume of the solution with solvent 
molecules to be the same as that associated with filling the same volume of pure 
solvent. The contribution of the solvent molecules to the entropy of mixing is 
thus (practically) zero. (In effect, we assume that the distributional entropy 
of the pure liquid solvent within a region of given volume is independent of the 
shape of that region. This assumption is certainly inaccurate for very high 
concentrations, i.e., when the volume filled by solvent is not large relative to the 
molecular volume, Vi.) 

With the foregoing assumptions and approximations we can write for the 
entropy of mixing of the solution: 

AS„ ^ S - = T, S, + kin Ni I (1) 

t«l 

Si is the contribution of the solute molecule, added as indicated above, to the 
total distributional entropy of the solution, and k is the Maxwell-Boltzmann 
constant. The last term takes account of the fact that all the solute molecules 
are alike. The partial molal entropy of mixing of the solvent , which is required 
for substitution into the thermodynamic ecpiations for the eciuilibrium properties 
of the solution, is 



According to well-known principles of statistical mechanics, 

Si==kln{Vi/av2) (4) 

where Vt is the volume available for the center of the molecule, V 2 is the volume 
of that (or any other solute) molecule, and a is a constant, which, for our present 
purpose, does not need to be evaluated. (If the requirement is made that the 
molecule centers must be placed at lattice points, as in the previous derivations, 
a == 1.) 

For i == 1, obviously, 

= F (5) 

The center of the second solute molecule (i = 2) can be placed in the solution 
anywhere within the volume, F, except where overlapping of the first and second 
molecules would result. This limitation is obviously a function of the shapes 
and relative orientations of the two molecules. In general, for any shape of 
molecule, 


Fa = F - k2V2 


( 6 ) 
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where is the volume ruled out because it would produce overlapping, averaged 
over all relative orientations and integrated over all distances between the atomic 
centers. Since the volume of a spherical shell of thickness ds is ds, 


k2V2 = 47r / ds 


(7) 


p, being the average probability of overlapping when the molecule centers are 
a distance s apart. 

Tlie volume ruled out for the center of the third solute molecule, as a result 
of the presence of the first two, is approximately 2k2V2. A small correction term 
must he included to take account of the chance that the first two molecules are 
so close together that certain regions are doubly ruled out, being too close to both 
the first and the second molecules. This term must be proportional to the square 
of the volume of a simple solute molecule and inversely proportional to the 
volume available for the center of the second molecule. Hence: 

V 3 = v - 2hv, + ^ (8) 

V — /r2t^2 


The volume available for the center of the fourth solute molecule is the total 
volume, minus three times the volume ruled out by each of the three already- 
placed molecules independently, plus the volume doubly ruled out (by molecule 
pairs 1 and 2, 1 and 3, and 2 and 3), minus the volume triply ruled out. The 
equation is: 


Vi-- V - 3^2 rs + k,r 


^\_V - hv. 


+ 


ra ^ V - 2hv2 + hiliV 
hvl 


— ^' 2 (' 2 ) 


— 2kiVi kiVi(V — A’aJ’o) 


(9) 


Similar considerations lead to the following relationship for the volume avail 
able for the center of the 2 “* molecule : 


where 


r. = rrf. 


( 10 ) 


<h 




( 11 ) 


and 


h2—l hs—l hi~l 

c.,-k, 1 : 1 : 1 : 


hi 


1«1 A 2-2 A3-3 dhi+1 d/ig+i r/^a+l * * • 


( 12 ) 


Here Aj, / 12 , etc., i and j are integers; the kj are constants which depend on the 
shajje of the molecules; and V 2 is the volume fraction of solute, defined by the 
equation 


Vs == V 2 N 2 /V 


(13) 
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T^, the total volume of the solution, is given by the equation 

V' - viNi + V 2 N 2 a4) 

Defining n as the ratio of the average volume per solute molecule to that per 
solvent molecule (including intermolecular space), 

(15) 

Hence 


riN^ 


2 


/avA 

\dN\/ Nn 


Nv + nN2 
riN^ 


V 2 

nNz 


{N, + “ 

From ecpiations 3, 4, and 10 we obtain: 

From equations 14, 13, and 15: 


V 1 / Ni 


nN., 

V 


Vi 

n 


(16) 

(17) 

(18) 

( 19 ) 

( 20 ) 
( 21 ) 


For the other term in o(nuilion 18 \v<* (^an wrilt*: 

/d In (l\ _ / dVA In (i\ 

V dNi A, “ VaV./v, V aV2 A, 

= _ yl v 

nN'i \ 'd\h /Kt 

For a small value of i, ( ^ j can be corapiiUal tis a povv('r s('ri('s in Va, from 
\ 0 V 2 /f»z 

otpiutions 1 1 and 12. As i incivases, the ctanputat ions rapidly become laborious; 
they ate, however, perfectly straightforward, d'he coefficients can be expr(*ased 
as simple functions of f; from these one can then deduce the following general 
expression : 


/<9 In d\ _ ^ 
/a2 ~ 


lifi (V , Di* , 


, where 


A = h, 

B = li- h, 

C =^kl- + 


2 ’ 


and 


( 22 ) 

(23) 

(24) 

(25) 


D = kt — klks A-\kikt + kl — ^ 

<5 2 D 


(26) 
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Performing the summation indicated in equation 21, and substituting into 
equation 18 yields 

§J =s= /^2V2 4“ K 4^ 2 + A"6V2 + * ’ •) (27) 

where Ki = ^ (/cj), (28) 

A', = ^ (/.l - k,), (29) 

hi = ^ ^/;*2 — and (30) 

As - j. ^^‘2 2 “t" *2 


This is t li<* n'lat ionship \v(‘ have ix^en seeking. Subsl itut ion of the appropriate 
Lj (‘(Uistants for a particular molecular shape gives the dc'sired dependence of th(' 
partial rnolal entropy on concentration (assuming perfect randomness of mixing). 
If the lieat of mixing of the solution is zero. 

In ai — Si/ K (32) 

With this relationship and the appropriate thermodynamic (Mpiatlons, one may 
obtain tlieoretical equations for the osmotic pressuiv and other ecpiilibrimm 
prop('rti(‘s of such solutions. 

lAIUlK seilEKK’AI. SOLUTE MC)LE(T l.ES 

For th«* (‘ase of spherictvl solute molecules \vhicli are large compared with tlie 
solvent molecules, 

A.» = 8 (33) 

since the ctuiter of the second solute molecule cannot be anywhere within a sphere 
which has t wice the radius, or eight times the volume, of the first solute molecule 
(figure 1 ). This result can b(' obtaiiu'd from e(|uation 7, putting p, equal to 
unity lor s b(*tw(‘(‘n zero and y- (twice the molecular radius) and etpial to zero 
otherwise. 

Tli(‘ constant k-s may be computed in the following way: Th(‘ ^'olume of ov(u- 
lapping of t w'o sjihen's, each of radius 2 r 2 , is 

<«• 

for .s l)(‘l \\'P(!n 2r2 and ami zc'ro for .v greater than 4r2 (ligure 2). The probabil- 
ity thal the center of molecule 2 is at a distance lx*t\veen .s and sd.s’from the center 
of molecule 1 is w'ro for .s < 2 /' 2 ; for larger values of s, 

j 4irs* ds 


V — Svs 


(35) 
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The average volume doubly ruled out is 



V — Svt 


This is the last term of equation 8; hence 


fra = 34 


(36) 

(37) 



Fig. 1. The center of the second sphere cannot come within a distance 2 r 2 from the center 
of the first sphere. 



Fig, 2. If the distance between sphere centers is less than 4r2 the two large spheres, each 
of radius 2rj, overlap. 


An approximate value for 1x4, the constant concerned with the mutual over- 
lapping of three spheres of radius 2r2, is readily computed. The probability 
that sphere 2 overlaps sphere 1 (to any extent) is 


Pl2 


4irs^ di' 

L-2r2 V — k2V% 


5G?’2 

V — A-2t’2 


(38) 


The value of s which would give the correct average volume of overlapping of 
the first and second large spheres (equation 36) is 


§12 — 3.0 /r2 (39) 

The probability that (with spheres 2 and 1 mutually overlapping) sphere 3 
overlaps sphere 1 is 

56t»2(l - 0.04) 

V - 2hvi + hiiiV - kiVi)-'- 


( 40 ) 
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The factor (1 — 0.04) takes account of the fact tliat the centers of spheres 2 
and 3 cannot be closer together than 2r2. Its approximate magnitude is com- 
puted on the assumption that both Si 2 and Sn have the average value given by 
equation 39. 

The probability that .s^s is between 27*2 and 4r2, when both 1 and 2 and 1 and 
3 overlap, is approximately the area of the zone on the surface of a sphere of radius 
§ 12 , which irK'ludes all points between 2 r 2 and 4r2 from a point on that sphere, 
divided by the surface area of the whole sphere. This is 


3 

2(3.07)2 


0.10 


(41) 


Multiplying pi 2 , and together gives the probability, pi 23 , that there is 
mutual overlapping of all three spheres. We may compute a rough value for 
the average volume of mutual overlapping on the assumption that it is the same 
as if, in all cases, all three distances liet ween sph(‘r(' centers were cipial to 3.07ro, 
as given by ecjuation 39. An exact value for this volume has not lieen computed. 
It should, however, be somewhat larger (perhaps 10-15 per cent) than twice the 
value of a cone having a base ecjual in area to the an^a of mutual overlapping 
in the plane of the spher(‘ centers and an altitude eciual to the distance from that 
plane of either jxMik of the mutual overlap region. In this way the average 
value of mutual overlap (for those spheres showing 123 overlap) has been cal- 
culated to b(‘: 


t'm> 0.134 


(42) 


The average volume of 123 oviuiap, for all of the third molecules added to the 
solution volume, is approximately 

i^l23 = Pl2Pl3p2.lf'l23 (43) 


Ilencf' 


^•’123 ^ 


loM 


(I — /i'2^'2)[i — 2A‘2C2 — ^' 2 ^ 2 ) 

Comparison with eciuation 9 k'ads to the result : 


(44) 


A'4 > 15.3 


(45) 


Adding 10-15 jx^r cent, for the reason just mentioned, we conclude that, approx- 
imately, 


k\ = 18 (46) 

Substituting equations 33, 37, and 46 into equations 27-31 gives 


j 

* In equations 54 and 55 of reference 11, the coeflicieiit of Vi should be ~ — 42 

and ~ ~ > iTspeetively, 
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Si = R 




40 ^4 

— V2 “■ 



^ n n 

n 

n 




This may be compared with Raoult’s law, which may be put in the form 

g, = rTV* ^ A _ 1 \ + A _ j. + 1 v*2 + • ••] 

L n \n 2 nV \n n- 3nv J 

or, for large n, 

s..Rr?.-+?:+l! + ...1 

L n n n J 


(47) 


(48) 


(49) 


The coefficients of the square and higher powers of y /2 arc different, but in boih 
cases they all approach zero as n increases. Dilute solutions of spherical mole- 
cules should (if the heat of mixing is negligible) tehave as nearly “idear^ solu- 
tions, otxiying Raoult’s law quite closely. 


LARGE ROD-LIKE MOLEGULES 

We next consider solutions of rod-like (cylindrical) solute molecules which are 
large, both in length and in cross section, compared with the solvent molecules. 
Let the length and cross-sectional radius of each rod be I 2 and r 2 , respectively. 

For a given angle, between the axes of the first and second rods, the volume 
ruled out for the center of the sec,ond rod as a result of the presence of the first 
is that outlined by dashed lines in figure 3. C^alculation of the magnitude of this 
volume, averaged over all values of 0, leads to 

k-, = ^ (50) 

The volume of the cylindrical solute molecule is 

V 2 = 7rr2J2 (51) 

The volume per solvent molecule, if spherical, is 

== aA (52) 

the constant ai depending on their closeness of packing. If ‘‘close-packed” 

ai = 2‘ = (53) 

For “simple cubic packing”, 

«i = 8 (54) 

We may thus write 
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r 

4f2i 


sm % 




Fi(j. 3. Two rods in c ontact, as seen in plan and elevation. The region ruled out for the 
center of the second rod, as a result of the presence of the first rod, is that bounded by the 
dashed lines. 


(As Dr. Zimm has emphasized, in discussing the subject with the writer, the 
ctx'fficienis in these (equations are not correct when r 2 is not large relative to 
n.) 

The important thing to note here (as already pointed out by Zimm) is that, 
for a constant cross-sectional radius of the solute molecule, the magnitude of 
the coefficient of V 2 is indejx^ndent of the length of that molecule, a result similar 
to that which has been obtained for randomly kinked chain molecules, but dif- 
ferent from that (see equation 47) for large spherical solute molecules and 
different from Raoul t's law (equations 48-49). 

DISCUSSION AND CORRELATION WITH PREVIOUS RESULTS 

For comparison with equations 47, 48, 49, and 57, thi' corresponding (‘(piat ion 
for solutions of randomly kinked chain molecules, c^mposiMl of segments equal 
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in size to ihe solvent molecules (with zero heat of mixing), may be put in the 
form 

Si = R + (i — M«) V2 + ' • * J (58) 

where fx^ is about equal to the reciprocal of the coordination number. (/i« is a 
function of the relative sizes of the chain segments and solvent molecules, but 
is practically independent of ??.) 

E(]|uations 57 and 58 are alike in showing a dependence of the coefficient of 
\fl on the relative dimensions of the solvent molecules and the solute molecule 
cross sections, with no dependence on the length of the solute molecule. 

McMillan and Mayer (12) have derived a series expansion for the osmotic 
pressure, Zimm (10) writing their result in the form 

IT = C + + /I3C* + • • •) (59) 

where c is the concentration of solute in mass per unit volume of solution, M 2 
is the molecular weight of the solute, and ^2, ^3, . . . are constants. Comparison 
with tlie equations previously deduced by the writer (e.g., equation 9 of reference 
9) shows that Zimm’s A 2 and the writer’s fx are related by means of the equation 

mdi 


Here di and ^2 are the densities of the pure components. 
For solutions with no heat of mixing, 


M = 

Comparing equations 27, 28, and 58 of this paper, it is seen that 


Therefore, 



K 2 


nMj_dl 
■ rfi ‘ 


Vi Ml dl 

Vi dl 


A 2 


For solutions of large rigid spheres, Zimm has deduced 


A 2 — 


Hinrl -Vo 

~jMf 


( 01 ) 

( 02 ) 

(03) 


(04) 


where No is Avogadro’s number. Substil.uting into equation 03, it is readily 
shown that 


Ki 



in agreement with this paper. 

For long rigid rods, Zimm has deduced 


At 


irNo Ti Is 

2Ml ' 


(05) 


(60) 
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Substituting into equation 63 leads to 




kz 

2 


k 

2X2 


(07) 


conforming to the result obtained here. 

In view of Zimm’s discussion of the significance of his results and their ap- 
plication to actual solutions, it seems unnecessary at this time to go into these 
matters further. 

A few words may be added, however, concerning the effect of flexibility in 
the molecules. Flexibility obviously gives more randomness and so more en- 
tropy. If, though, the molecular flexibility, and so the related intramolecular 
entropy, do not change with concentration in the concentration range of interest 
(i.e., in dilute solutions), this flexibility has no effect on the partial molal en- 
tropies or derived quantities, provided the distribution of shape and of relative 
orientations of neighboring molecules remains the same. This is likely to be 
the case if the heat of mixing of the solution is zero, but not otherwise. If the 
solute molecules attract each other (more than each attracts solvent molecules), 
flexibility increases the possibility of close approach of their centers and changes 
the magnitudes of the shape constants, ^ 2 , A* 3 , etc. 


SUMMARY 

Using a non-lattice treatment, equations have been deduced for the concen- 
tiation dependence of the partial molal entropy of the solvent in a dilute solution 
containing large solute molecules, as a function of their size and shape. Some 
of the sha^xi constants, for spherical and rod-like solutes, have been evaluated. 
Insofar as there is overlapping, the results are in agreement with those obtained 
by Zimm, extending the theoretical work of McMillan and Mayer. Flexibility 
of the solute molecules should have little effect on the results, unless the heat of 
mixing is not negligible. 
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I. INTRODUCTION 

In this paper some additions to the theory of the scat tering of liglit from solu- 
tions of linear polymers \\’ill ho desoril)od, and some recent data will Ikj analyzed 
with their aid. 

Since the proposal by Debye (2; see also 1, 3, 6, 7, 9) to use the light scattered 
from solutions of higli polymers and other similar particles to study the size and 
shape of the particles, progrciss has been made in two divergent directions. First, 
the scattering as a function of angle has teen worked out for several different 
particle shap)es, but only where the particles aiu isolated in space. Secondly, 
the scattering as a function of concentration of particles is well understood, but 
only for particles which are small (Compared to the wave length. Our present 
problem is to fill this gap by obtaining the scattering as a function of both angle 
and concentration for paiihiles (comparable in size to the wave length. 

A partial solution of this problem for molecules of thread-like or rod-lik(c shapers 
wall })e discussed below. 


II. DES<miPTION OF THE THEORY 

In this section the theoretical considerations that lead to th(' final formulas will ' 
be outlined. More complete discus.sion will be re.seia ed for later work. 

The (calculation of the intensity of the light scattered from an asscunblagec of 
particjles is simple in principke and may l)e described as follows: lh(c particl(*s are 
subdivided into ^^segments,^' all of which are small compared to the wavtc length 
and have the same optical ])roperties. Ea(h of these s(‘gments s(catters light 
as an electric dipole set in motion by the incident liglit indepmulently of the 
others. 1'he law of scattering from such a parti(cle is well understood, and the 
scat tering which it gives is knowoi as Rayleigh scattering. 

The next step is to add up the scattered amplitudes from each of the const it uent 
segments, taking due account of the phase of the scathued light . This phase will 
vary, de|x*nding on the distance the ray must, traverses in getting to th(^ particular 
segment and from there to the observer. As a result, interferenc(^ effects aris(.% 
whi(!h vary with the angle of s(!attering. A study of these int(u'f(‘r(Tice effects 
permits conclusions to be drawn about the distribution of the scat tering segments 
with respc'ct. to one another. 

The distriluition of the segments with respect io one another is controlled by 

1 Presenl(?d at the Twenty-first National C’olloid Symposium, which was held under the 
auspices of the Division of C-olloid Chemistry of the American Chemical Society at Palo 
Alto, UaJifornia, June 18-20, 1947. 
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two things: the shape of the individual molecules, and the distribution of the 
molecules with respect to each other. The former has already been studied in 
connection with the scattering from single particles. The latter has also been 
studied l)y this author (8) in its application to the thermodynamics of polymer 
solutions, but its application to light scattering from such solutions is new and 
leads to the formulas that will Ix^ discussed in this pa^x^r. 

The (k'tails of the development are too lengthy to V)e presented h(^rc. I'he 
results, }iowev(‘r, are rather simple. The formula for the intensity of the scat- 
tered light , 7, as a function of the angle l)etween the directions of propagation of 
the incident and scattered rays, and the concentration of scattering particles 
in weight pi'r unit volume, r, is the following: 

/ H\Af2P(^)c - 

+:iAMF-Qmf^ + ....} ( 1 ) 

In this formula il/o is the molecular weiglit of the solute particles, Ao, da, and H 
are constants depending only on temperature but characteristic of the particular 
solvent and solute, and 7^(i^) and Q(t^) an^ functions chara(‘terized by the shajx) 
ami siz(‘ of the solute particles. For rod-like particles whosi' thickne^ss is negli- 
gible compared to their length, the function Pid) is: 

p{^) = 1 r " ci« - ( (2) 

X Jq 0) \ X / 

Tlie dimc'nsionless variable 

2ir/v sin ^/2 

j - — ^ 

lias Ixxui introduced here, when' L is the length of the rod. For coiling thread- 
like particles, in the sense' of Kuhn (5), the function is 

PW = ~ ('•“" - 1 + m) (3) 

M" 

where again the dimensionless variable 

S 2 P' sin^ 

has been introduced with 7f the root -mean-square distance between the ends of 
the coiling (hain. 

The function has not been worked out, since it, n^prese'iits only a, small 
correction in dilute solutions and its evaluation, though certainly practicable, 
would be very tedious. 

Equation 1 can be put into a simpler form by taking the reciprocal of 7 and 
multiplying by the concentration. Wlieu this is done the tollowing results: 

Hi = + 2.1'iC + [SAi(m - 4.lU’(l - + • • ■ (4) 
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Both P(d) and QXd) become unity when either sin &/2 or R/\ or L/X is small 
compared to unity, so that in these limiting cases equation 4 becomes merely: 

Hj = ^ + 2AtC+3A,c^ (5) 

This limiting equation has been derived previously (3). The same constants 
that appear in equation 6 appear in a closely related form for the osmotic pres- 
sure, T, equation 6: 

^.^^c + A.^ + A.c' + - ( 6 ) 

where R and T have their usual meanings. 

TABLE 1 


Corrected* dissymmetry coefficients and root-mean-square chain lengths for 
polystyrene fractions 


PIACTION 

SOLVENT 



CONCENTEATION, 

GKAIIS PEE 100 ICL. 


1 000 

0.500 

0 250 

0.125 

0.0625 

0.0313 

c - Ot 


RT-H. . 

Toluene 


0.47 

0..50 

0.78 

1.00 

1.28 

1.59 

2370 


Ethylene dichloride 

0.21 

0.25 

0.45 

0.70 

0.08 

1.25 

1.64 

2390 


Butanone 

0.43 

0.46 

0.72 

1.00 

1.15 

1 1.24 

1.39 

2100 


Butanone-isopropanol 

1.00 

1.00 

1.13 

1.17 

1.14 

1.15 

1.19 

1900 

BZO 4 . 

Ethylene dicbloride 


O.ll 

0.17 

0.22 

0.34 


0.45 

1100 


Butanone 


0.16 

0.20 

0.35 

0.43 

0.52 

0.53 

1230 


Butanone-isopropanol 


0.28 

0.27 

0.31 

0.38 


0.35 

9fK) 

JNZ-7 . 

Butanone 


0.23 

0.33 

0.44 

0.54 

0.59 

0.64 

1350 

JNZ-4 

Butanone 



0.56 

1 

0.80 

1.03 

1.15 

1.41 

2100 

JNZ-1 

Butanone 



1 

0.67 

1.04 

1.39 

1.59 

2.00 

2770 


* Corrected for the scattering from the solvent, 
t Extrapolated values. 


HI. COMPARISON WITH EXPERIMENT 

The comparison of the theory just described with experiment will now 
be undertaken. The data are taken from an earlier work (4) which was not de- 
signed to test this theory, and they are therefore not in the most convenient form; 
however, they are the best available. 

The data from reference 4 are given in tables 1 and 2. The materials were five 
fractions of high-molecular- weight polystyrene. The absolute intensity of scat- 
tering at right angles to the incident beam was measured along with the ratio 
(dissymmetry ratio) of the intensities scattered at two other angles, one an acute 
and the other an obtuse angle. These latter angles varied somewhat with the 
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refractive index of the solvent used; they are tabulated in table 3. No measure- 
ments were made of the relation between the intensities at riglit angles and at 
either of the dissymmetry angles; the only way of relating these is by a process of 
interpolation. 

One method of plotting the data is showm in figure 1. From equation 4, con- 
sidering only the first two terms on the right, it is evident that plots of cjl at 
different concentrations against sin i5^/2 should form a family of parallel curves, 
displaced up or down according to the different values of 2A^c, Such plots arc 

TABLE 2 


Intensiiii of Iranarersely scattered light in arbitrary units for solutions of 'polystyrene fractions 


1 

FRACTION 

SOLVFNT 

SOLVENT 

SCAT- 

TERING 

CONCENTRATION, GRAMS PER 100 ML. 

1.000 

0 500 

0 250 

0 125 

0.0625 

0.0313 

RT-II 

Toluenf' 

2.8 

33.6 

31.3 

32.7 

25.2 

18.0 

13.1 


Ethylouo dichloride 

1.5 

46.2 

53.4 

48.0 

38.2 

26.1 

14.0 


Butanone 

1.2 

358 

315 

236 

158 

93.6 

48.4 


Butanoiie- isopropanol 

1.5 

3231 

1411 

678 

336 

161 

80.9 

BZO-4 

Ethylene dichloride 

1.3 

70.5 

60,8 

44.1 

27.4 




Butanone 

1.1 

304 

195 

130.5 

67.5 

40.0 



Butanone-isopropanol 

1.6 

675 

327 

165 

87 



JNZ-7 

Butanone 

1.5 


207 

149 

95.9 

53.5 

30.1 

JNZ-4 

Butanone 

0 6 1 

1 



202 

152 1 

1 

84.6 

45.5 

JNZ-1 

Butanone 

1 

0.6 1 

1 



234 

172 1 

105 

54.6 


TABLE 3 


Angles of observation in different solvents 


SOLVENT 

fh 


Toluene 

54.7° 

125.3° 

Ethylene dichloride 

53.0° 

127 0° 

Butanone 

51.2° 

128.8° 

Butanone-isopropanol 

51.2° 

1 

128.8° 


shown in figure 1 for the two fractions JNZ-1 and JN-7. Th(^ parameters were 
adjusted so that the curves pass through all the points at zero concentration, 
and then parallel curves were drawn through the values of c/Zao** at the other 
concentrations. The fact that the points corresponding to the other two angles 
then generally fall on the curves may be taken as evidence of the agreement of 
experiment and theory. (Actually, since only the ratio and not the absolute 
values of the two points at the acute and obtuse angles was measured there 
was some room for adjustment. This ^vas not sufficient to invalidate the above 
conclusion, however.) 
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The above method of treating the data is obviously euml)ersome and other 
methods were therefore developed. The treatment of the dissymmetry data will 
first 1)0 discussed . 1 x^t us define a dissymmetry coefficient, q, as one less than 1 he 

ratio of the intensities, /i and /g, sciaf tered at angles th and 1 ^ 2 , being less than 
i.e., q = (/ 1 // 2 ) — 1. It was obwserved empirically at the time when the data 
in reference 4 were obtained that when the reciprocal of the dissymmetry coeffi- 
cient, was plotted against concentration , a very good st raight line resulted. We 
shall now show that this linear relationslup can be derived from equation 4. 



Fig. 1. Concentration over intensity as a function of angle of scattering for polystyrene 
fractions JN-7 and JNZ-l. 


Substituting ecpiation 4 for 7(f>) into the definition of q, and neglecting the term 
involving we can immediately show that 


njf 2T2C 


1 -f- 2 A 2 M 2t^{^l)C 


M2FW ' ^ 

Inverting both sides of this eejuation yields the desired linear relation: 

1 1 2-4 2 ^ 1/2 

7" [9] 


where [c/l = — 1 is the limiting dissymmetry ccKdficient at infinite dilution. 

From [f/] the characteristic dimensions of the particle, R or L, may be (computed, 
as was actually done in reference 8. Here, liowever, we are particularly 
inteit\sted in the slopes of the 1/q plot, from which the product of the constants A 2 
and M 2 may he found, since P(di) is known from equation 3. 
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From a plot of the reciprocal dissymmetry coefficients from reference 4 the 
product, A2M2, is found and is given in the third column of table 4. 

The product, A2M2, may also be obtained from the data for 1 ^^^ a.s a function 
of concent ration, which were measured independfintly of the dissymmetry ratios. 
From ecpiation 4, we see that the slope over the inten;ept of a plot of the quantity 
against c giv(\s the (luaiitity /t 2^1/2^90“- Since is known, A2M2 may Ix^ 
found. 

From a plot of the data from rtderence 4 the values of A2M2 are found and are 
given in the fourth culurnn of table 4. 

We should note that both these methods of obtaining are independent, of 


TABLK 4 

Interaction constants ^ A^^Jor polystyrene fractions 


1 

PEACIION 

SOLVENT 

AtMt 

Ml 

At 

Irom q 

From /^*» 

KT H 

Toluene 

890 

2440* 




Ethylene diehlonde 

1160 

1240 




Buianone 

310 

410 




Hutanone - isopropanol 

20 

0 



n/.0 4 

Ethylene diehloride 

360 

200 * 




Buianone 

225 

120* 




But anone- isoprojianol 

60 

0 



JN-7 

irutanone 

2‘20 

220 

2 0 X 10® 

11.0X10® 

JNZ 4 

Buianone 

470 

680 

6 8 X lO** 

9 2 X 10 ® 

JNZ-t 

Buianone 

760 

820 

1 

10 4 X 10® * 

7.6 X 10 ® 


the absolute intensity of scattering, which is more difficult to determine exp(u*i- 
mentally and subject to more uncertainty than the relative intensity. 

The agreement between the values of .12^/2 determined in the two diffeient 
ways is satisfactory, considering the evident scatter of the experimental results, 
with the exception of three cases that are marked with an asterisk in the table. 
It is (juite possible that the lack of agreement here is also exjierimental error, sin(*<' 
these samples were just the ones that scattered the least, light . Tt is also possible, 
however, that they represent a real deviation from the theory caused by some* 
unexpected complication in the molecular structure or purity of these samples. 

From the intercept of the plot of c/l^o against c the molecAilar weight, 4/2, of 
the solute can he found if the constant s occurring in the parameter II havt‘ been 
determined. The reader is referred to thc‘ original paper for the latter. This has 
been done for the three samples which wen^ most cand’ully measured and the 
results are given in the fifth column of table *4. The values of A2 fi'om the* 
age of the third and fourth columns and the molecular weights aix^ given in column 
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six. (Owing to the different method of plotting the data, these figures differ 
somewhat from those of the original paper. The data there were treated in a 
way which the author feels is superseded by the present method.) 

The values of A 2 for the three JN fractions, which are comparable because they 
were all prepared from the same material, show a marked decrease as the molec- 
ular weight increases. This behavior has been theoretically predicted in a pre- 
vious paper (8). The molecular weights are too higli, however, for the approxi- 
mate formula theoretically derived for the molecular-weight dependence of to 
be valid. 

The osmotic pressures of solutions of fractions JNZ-1 and JN-7 in butanone 
were also measured. These may be compared ^^^th the theoretical values from 
equation 6 and the constants M 2 and A 2 as determined above. The results are 
shoA\m in figure 2, where the circles are the experimental points and the solid line 



Fig. 2. Comparison of observed values of the osmotic pressure of fractions JN-7 and 
JNZ-1 with values calculated from light-scattering data with the aid of the theory. 

is calculated from the liglit-scattering data and equation 6. It has been assumed 
that the osmotic (number-average) molecular weights are 10 per cent less than 
the light-scattering (weight-average) values. The dotted line is the presumed 
extrapolation of the theoretical line to higher concentrations. It is seen that the 
agreement is not unsatisfactory if it is assumed that the constant, H, is about 10 
per cent too large and a liberal allowance is made for terms in c® and c^. Unfor- 
tunately, light-scattering data were not taken at concentrations high enough to 
show the presence of these higher terms. 

IV. CONCLUSION 

The agreement of the theory with the experimental data available at the time 
of writing seems quite satisfactory in view of the incomplete nature of both. It 
is hoped that the theory will be of use in the better interpretation of data to be 
obtained in the future. It has not been possible in this brief report to enlarge on 
the assumptions involved or the extensions which will probably be necessary. 
It certainly seems, however, that useful understanding can be achieved from 
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measurements of the intensity of light scattered a.s a function of angle and con- 
centration in dilute poljrmer solutions. 
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SOME PHYSICAL AND CHEMICAL PROPERTIES OF WEIGHT- 
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The development of higli-efficiency synthetic resin ion exchangers has made it 
possible to remove inorganic acids and salts from sulfite pulp process waste liquor. 
The absence of conducting impurities makes possible the subsequent determina- 
tion of neutral impurities by an electrophoretic method. Using these techniques 
to prepare solutions of lignosulfonates with kno™ gravimetric; content of ligno- 
sulfonate ion, a number of measurements can be made which were previously 
hindered by the heterogeneous composition of waste sulfite licpior. In the first 
section of this paper is reported the effect of the molecular weight variable on the 
surface activity and other properties of the lignosulfonate ion. 

The second section deals with a property not primarily a function of molecular 
weight: namely, the dissociation of lignosulfonates. It has been observed by 
several investigators (9) that prolonged dialysis of waste liquor leaves a n^sidual 
solution which is neutral in pH and contains 10- 20 per cent ash (dry basis). 
According to the familiar concepts of lignin chemistry, this residue is a metallic 
salt of high-molecular- weight lignosulfonic acid. Yet the Donnan theory of 

^ Presented at the Twenty-first National Colloid Symposium, 'which was held under the 
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Alto, California, June 18-20, 1947. 

This paper is a contribution from The Ohio State University, Research P'oundation, 
Master Builders Company Fellow^ship. 
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membrane processes involving colloidal electrolytes requires that the metallic 
salt of a non-diffusible anion be hydrolyzed to the acid by dialysis. The fact 
that membrane hydrolysis does not occur suggested that the dissociation of ligno- 
sulfonates is abnormal. 

WEIGHT-FRACTIONATED LIGNOSULFONIC ACID 

Preparation of fractions 

One liter of commercial waste liquor (122 g. total solids) was dialyzed in KiO 
cm. of 5 cm. diameter Visking cellulose sausage casing against 5 liters of distilled 
water. Both inner (dialysate) and outer (diffusate) solutions were vigorously 
agitated by bubbling air in this and subsequent dialysis treatments. After 1 hr. 
the diffusate was discarded. It contained 13. t g. of solids, predominantly sugars 
and salts. A second and a third diffusate, obtained after 5- and 16-hr. dialy.sis 
pe^riods, constituted the crude low-weight fraction. 

The dialysate at this p)oint contained 48.5 g. of solids. It was evaporated to 
(KK) ml. and passed over a column of the hydrogen-cycle cation-exchanger Aml)er- 
lite IR-IOO-H (analytical grade), (inversion of the lignosulfonates to lignosul- 
foni<^ acid w^as necessary at. this point to hasten their diffusion. Dialysis was 
re(?ommenced, and four more diffusates were recovered over a fxuhKl of 36 hr. 
These were combined to form the crude medium- weight fraction. The un- 
diffused residue constituted th(' high- weight fraction. 

In evaporating the solutions of the three fractions to convenient volumes, it 
was necessary to take special precautions to avoid (‘hemical changes. Neutral 
lignosulfonates are more stable than the fnv acid, so each solution was neutralized 
with barium hydroxide before evaporation. 'Fhe volumes w^re rediu^ed slow4y in 
a current of warm air to a solids coin^entration of about 1 per cent. 

To insure the absence of all inorganic ac^ids and salts, the crude fractions wTn‘ 
treated first with the cation-exchange resin, then with the a(;id-adsorl)ent resin 
Amberlite IR-4B. The acid-adsorbent resin adsorbs very little lignosulfonic 
acid, owing to the larg(^ size of the anion, so the effluent contained only lignosul- 
fonic acid and neutral substaiu;es, referred to hereafter as sugars. 

The concentration of solids in each fraction was determined by neutralizing a 
portion of the solution with sodium hydroxide and (‘vaporating to dryness in a 
vacuum oven at 80°O. 

The sugar content of each fraction was determined by electrolyzing a 25- ml. 
sample of the ammonium salt in such a way that a falling lignosulfonate-ion 
boundary was formed, and then drying a 5.00-ml. sample of the clear catholyte. 

Molecular weight 

Average molecular weights were determined by a diffusion method, similar in 
principle to that used for lignosulfonates by Schwabe and Hasner (8, 10).^ The 

» While thirt manuscript was in preparation Pennington and Hitter (8) reported a diffusion 
study of waste liquor, using sintered -glass membranes. Their results were not referred to 
known gravimetric concentrations of lignosulfonate ion. 
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design of the diffusion cell (figure 1 ) departs considerably from that used by these 
investigators, and includes original features of design, as well as adaptations from 
the work of McHain and Liu (7) and of Hartley and RunnicJes (4). The dimen- 
sions of the cell were dictated by the desire to make photometric measurements of 
relative concentration at any time during a diffusion run by placing the cell in the 
chamber of a C'oleman Model 10 Spectrophotometer. It was necessary to pro- 
vide stops for the photometer to limit the light beam to a size accommodated by 
the 10 X 12 mm. window in the cell. The internal volume of the cell was made 
as small as possible to increase the time rate of change of concentration. Selas 
porous porcelain was found to le much superior to Pyrex sintered glass for dif- 



fusion membranes because of its great mechanical strength, high porosity, and 
fine average capillary radius. 

The cell was filled by sucking through the pon^elain disc a 0.005-0.015 N solu- 
tion of sodium lignosulfonate in 0.05 N potassium chloride, at pH 4.5. The cell 
was then closed with a standard-taper ground-glass stopper (not illustrated) and 
immersed in a thermostated (25°C.) bath consisting of 1 1 liters of 0.04 N potas- 
sium chloride at pH 4.5. The potassium chloride starved to minimize the mem- 
brane potential which would otherwise be establishtnl by the diffusion ot the 
sodium lignosulfonate. Continuous mixing of the cell (contents was secured by 
inclining the long axis of the cell at an angle of 15° to th(‘ vertical and rotating the 
(ell continuously about that axis at 0 r.p.m. This mecJianical mixing was sup- 
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plemented by gravitational mixing provided by the 25 per cent higher concentra- 
tion of potassium chloride inside the cell. The solvent bath was kept homoge- 
neous by motor stirring. The large volume of this bath maintained essentially 
zero concentration on the solvent side of the diffusion membrane. After a 
period of J-1 hr., allowed for establishment of a stable concentration gradient in 
the membrane, the first photometric reading was taken. Readings were taken at 
3- or 4-hr. intervals thereafter, to 12 hr. The data were plotted in accordance 
with the equation 

log (ct/co) = {K/ M)t 

where co and Ct are concentrations at times 0 and t hr., M is the molecular weight, 
and K is an empirical constant. The value of K was determined by calibration 
runs with two non-associated (11) dyes, Orange II (Rowe Color Index 151) and 
Azogrenadine S (C. I. 54). 


TABLE 1 


Physical and chemical constants of lignosulfonic acid fractions 


F* ACTION 

AVEFAGE 

MOLECULAS 

WEIGHT 

SUGARS, 
PER CENT 

OF TOTAL 
SOLIDS 

EQUIVALENT 

WEIGHT 

OF SODIUM 
SALT 

m/s 

(X420) 

High 

9500 

0.00 

519 

1.01 

12.0 

Medium 

2140 

2.62 

316 

1.37 

7.6 

Low 

250 920 

31.0 

249 

1.84 

2.7 


Molecular- weight values calculated from the diffusion data are given in table 1. 
The spread between the highest and lowest values emphasizes the polydispersity 
of lignin preparations. In terms of the Freudenberg hypothetical lignin unit 
(2), it appears that lignosulfonate particles containing from one to more than 
fifty such units are present in waste licjuor. 

No constant molecular-weight value could be obtained for the low-weight 
fraction, owing to slow polymerization of the acid. The first value in table 1 
was obtained immediately after preparation, the second after 13 days. Inter- 
mediate values were found at intermediate ages. 

Equivalent weight 

The equivalent weight of the sodium salt was determined by pot^mtiometric 
titration of each sample of lignosulfonic acid with sodium hydroxide. The maxi- 
mum slope of the titration curve is in each case at pH 7. The determination of 
the equivalent weight of lignosulfonates by this method was reported earlier by 
Freudenberg (3), but the determination of both equivalent weight and molecular 
weight on the same fractions constitutes unambiguous evidence that the lignin 
in waste liquor is polysulfonated. 

The equivalent weights show a well-marked trend toward lower values with 
lower molecular weight, indicating that the lower- weight fractions of waste liquor 
lignin are more highly sulfonated, as might be expected. 
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Hydrogen ion-sulfur ratio 

In the work of Freudenlierg and Lautsch cited above, it was reported that 
equivalent weights calculated from sulfur analysis of a pure lignosulfonate do not 
agree with those calculated from potentiometric titration of the free acid; values 
of the ratio of hydrogen ion to sulfur atoms ranging from 1.07 to 1.21 were dis- 
covered for samples of waste licjuor from eight stages of the cook. This anomaly 
was ascribed to the presence of carboxyl groups. The anomalous values of the 
H“^/S ratio appearing in table 1 confirm Freudenlierg’s observation, but estab- 
lish two important additional facts: (/) the magnitude of the departure from the 
normal ratio of unity is a function of molecular weight, and (2) the depart/ure 
from the normal ratio approaches zero vnih increasing molecular weight. 

Color intensity 

The specific extinct ion coefficients in table 1 were determined with the lieck- 
man Ultraviolet Spectrophotometer. The same order of increasing extinctions 
is observed at all wave lengths where measurements have been made, — from 250 
to 800 millimicrons. No explanation of the variation in color intensity with 
molecular weight can yet be offered. 

Adsorption on Portland cement 

As a measure of the surface activity of the three fra(‘tions, adsorption isotherms 
were determined, using a sample of normal Portland cement as adsorbent in each 
case. The technique of measurement was similar to that used in an earlier 
paper (1). The isotherms (figui*e 2) show pronounced increase in surface ac- 
tivity with molecular weight. Assuming that the sulfonate groups are the points 
of adsorptive attachment, it is to lie expected that the large lignosulfonate mole- 
cules will have the greater probability of adsorption. 

DISSOCIATION OF LIGNOSULFONATES 

Preparation of pure lignosulfonates 

A dried waste sulfite liquor w^as dissolved in water and dialyzed in Visking 
regenerated cellulose sausage casing against a continuous flow of distilled water 
until all diffusible substances were removed. The material discarded in the dif- 
fusate, consisting mainly of carbohydrates, inorganic salts, and low-molecular- 
weight lignosulfonates, made up approximately half the weight of the starting 
material. 

The dialyzed solution of calcium lignosulfonate was passed through a column 
of the cation-exchange resin Amberlite IR-IOO-U. The resulting acid gave a 
potentiometric titration curve characteristic of a strong acid. The ecpiivalent 
weight derived from the titer was 502 g. The ash content was 0.2 per cent (dry 
basis). 

Solutions of ammonium, sodium, and barium lignosulfonates were prepared by 
titrating portions of the lignosulfonic acid preparation to pH 7 with dilute solu- 
tions of the corresponding bases. The sodium hydroxide solution was prepared 
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carbonate-free by diluting a filtered 50 per cent solution of reagent sodium 
hydroxide pellets. A solution of calcium lignosulfonate was prepared by titrat- 
ing the lignosulfonic acid with calcium amalgam. 

Conductance measurements 

Dilutions of the lignosulfonic acid and its salts were made with triple-distilled 
water, and the conductivities measured wdth a conductivity bridge of the Jones- 



0.00 0 01 002 0.03 0.04 005 0 06 0 07 

Concentrotion 

Fio. 2. Adsorption isotherms 


Josephs type (Leeds & Northrup). The equivalent conductances of the free acid 
are given in table 2, and of the salts in table 3. 

Inspection of the conductivity data revealed that neither the salts nor the acid 
are sufficiently dissociated to permit the evaluation of the complete-dissociation 
equivalent conductance of lignosulfonate ion by the usual extrapolation of the 
plot of equivalent conductance versm y/ N, Attention was therefore turned to 
the measurement of transference numbers as a means of evaluating this quantity. 

Transference numbers of ammonium lignosulfonate 

The moving-boundary method, developed by Macinnes and Longsworth (G), 
appeared to be admirably suited to the purpose, owing to the ease of observing 
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boundaries formed by the colored lignosulfonaie ion. The necessary choice of 
conditions leading to stable boundaries was eompHcated by the relatively uiidis- 
sociated character of lignosulfonates, but in the case of the ammonium salt a 
simple system of ''autogenic'’ boundaries could be used, llie cation-following 
boundary was made to rise from a silver anode, and the anion-following boundary 
was made to fall from a platinum cathode. The thermostated tube in which the 
motion of the boundaries was observed was 0.055 cm. (2) in cross section and con- 
tained 1 ml. of sample. The tube was volume-calibrated by delivery of mercury. 
The source of potential was a 400- volt battery. The value and constancy of the 
electrolysis current were determined by a potentiometer connected across a stand- 

TABI.E 2 


Equivalent conductance of lignosulfonic acid 


NORMALITY X 10* 

EQUIVALENT Cf INDUCTANCE (25®C.) 

14 S4 

26S 

8.90 

276 

4.46 

28S 

2.96 

297 

1.48 

309 

1.11 

312 

0 66 

323 

0.44 

326 

0.22 

333 


TABLE 3 

Equivalent conductances of lignosulfonates 


N011MAL1T\ X 10< 

EQUIVALENT CONDUCTANCE {2.';'‘C.) 


Ammonium 

SiKlium 

Calcium 

Barium 

37.2 



36.0 

34.9 

14.8 


73.7 

41.1 

39.8 

7.40 

96.5 

80.4 

45.8 

45.8 

3.70 

105 

88.7 

51.5 

50.3 

1.86 

114 


59.5 

57.7 


ard resistor. The current was kept constant by manual regulation. The mo- 
tion of both boundaries was recorded, thougli the falling boundary was obsi'rved 
to 1 m^ more stable. 

Kxperimcmtal data are given in table 4. The ^^all^s of /ls (transference num- 
.ber of lignosulfonate ion) give a linear plot against \/ N in agreement, with theory; 
those of /nh 4 ^ curve. For this reason, as well as the greater stability of the 
falling boundary, it was assumed that the anion-boundary measurements were 
more accurate, and 1 — /,l 8 tabulated as the value of the ammonium-ion 
transference number. Measurements at lower concentrations were unusable, 
because the boundaries were nearly invisible and were too Iragile to withstand 
tlwj incr(^as('d disturbing effect of elect nxismosis. 
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Calculation of degree of dissociation 

The transference data in table 4 may be used to calculate lignosulfonate-ion 
conductance with the aid of three assumptions: (1) Assume that the linear rela- 
tionship between and \/A is accurate between N == 0.0000 and N == 0.0588; 


TABLE 4 

Transference numbers of ammonium lignosulfonaie 


N 

^LS 

^NH4 


0.0588 

0.450 

0.535 

0.550 

0.0352 

0.491 

0.497 

0.509 

0.0234 

0.520 

0.463 

0.480 

0.0117 

0.555 

0.404 

0.445 

(O.QOOO) 

(0.640) 


(0 360) 


Weight % (Approximote ) 



Fig. 3. Dissociation of lignosulfonates 

this relationship may then be used to estimate transference numbers in solutions 
too dilute for direct measurement. {2) Assume that the conductance of ammo- 
nium ion in ammonium lignosulfonate is constant between N = 0.0000 and N — 
0,0037 and equal to its literature value, 74.5. This is equivalent to assuming 
that the lignosulfonate ion alone changes in mobility, accounting for the change 
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iu transference numbers. This assumption enables the calculation of lignosul- 
fonate-ion conductances as a function of concentration from the equation Xls = 
74.5 (^1^/1 — ^Ls)- Assume that the conducitance of lignosulfonatc ion is in- 
dependent of the identity of the cation associated with it. This permits transfer 
of lignosulfonate-ion conductances estimated for ammonium lignosulfonatc' to the 
sodium, caknum, and barium salts, and to the acid itself. 

The degree of dissociation was calculated as the ratio of the observed equivalent 
conductance to the complete-dissociation equivalent conductance. The latter 
was calculated by adding the equivalent conductance of the appropriate cation 
{Smithsonian Physical Tables) to the ecjuivalent conductance of lignosulfonate 
ion. The results are reproduced in figure 3. 

It is evident from the nature of the above (‘alculations that dissociations can- 
not be measured in this way at concentrations appreciably removed from zero. 

Significance of dissociation data 

The exceptionally small ionization of lignosulfonates in contrast to ordinary 
organic sulfonates explains some of the observed properties of sulfonated lignin. 
As already suggested, it explains the negligible membrane hydrolysis of lignosul- 
fonates. As a corollary, it explains why a solution of lignosulfonic acid behaves 
like a cation-exchange resin, a phenomenon which is readily observed by con- 
fining the lignosulfonic acid in a dialysis sack and dipping the sack into a salt solu- 
tion. The parallel between lignosulfonic acid and commercial cation-exchange 
resins can be extended further: the order of decreasing dissociation evident 
in figure 3 is the same as the order of increasing cation affinity for commercial 
resins. The mechanism of commercial resins has not ))ecn explained, but it seems 
safe to suggest that synthetic cation-exchange resins of the sulfonate type act in 
a similar manner to lignosulfonic acid. Indeed, W. Lautsch (5) has successfully 
prepared cation-exchange resins by condensing lignosulfonates with formalde- 
hyde. 

The positive adsorption of lignosulfonate ion by Portland cement can likewise 
be explained as due to the affinity of lignosulfonate ions for the cations on the 
surfac^e of insoluble crystalline salts. ’’Phe negligible' adsorption of lignosul- 
fonate ions by such adsorbents as silica confirms this ^ iew'. 

SUMMARY 

Pure lignosulfonic acid, prepared from a commercial sulfite pulp process waste 
liquor by ion exchange, w’as separated into thrt'e molecular- weight groups by frac- 
tional diffusion. The average molecular WTiglits were estimated from the dif- 
fusion constants. The surfac^e activity and certain other properties wure meas- 
ured for each fraction. The dissociations of a sample of lignosulfonic acid and 
of four of its salts w^ere determined at low^ concentrations by a conductimetric 
method. In contrast to the complete dissociation characteristic of low-molccu- 
lar-weight sulfonates, the lignosulfonates show dissociations from 20 to GO per 
cent. 
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1. INTRODUCTION 

Viscosity is one of the physical properties which is comparatively easily meas- 
ured. On the other hand, the theoretical interpretation of the measurements 
jiresents considerable difliculties but is of great fundamental importance, as the 
viscosity data should be able, if properly interpreted, to supply or to supplement 
information on the amount of hydration or solvation, on the shape of the sus- 
pended or dissolved particles, their rigidity and state of aggregation, and on the 
forces acting between the particles, which are properties of great interest to col- 
loidal chemistry as well as to industry. 

There are generally two ways of attack open to deal with the problem. For 
solutions of small molecules, laws can be derived on the same lines as for liquids 
in general, depending on their internal structure and molecular forces. The 
whole subject of the internal structure of liquids, in spite of remarkable progress, 
is still far from completely satisfactory quantitative understanding. Another 
line of attack can be based on the application of the equations of hydrodynamics 
to the streaming of the liquid around each suspended particle. 

It can be demonstrated from the relation between viscosity and electrical 
conductivity (Jaeger (12)) that Stokes’s resistance law fully holds for the small 

' The symbols used in this paper are the following: 
a =* radius of a rigid sphere 
aih ~ components of the velocities of deformation 
A® = c,cifca,l, summation convention being used 
c « concentration by volume 
Ci - <tjr^ direction cosines 

D « thickness of a layer of low viscosity along walls 
k *= shape factor; k « 2.5 for rigid spheres 
K interaction constant in wall effect 
N « number of particles per unit volume 
Q « interaction constant in mutual interaction • 
r « radial coordinate 
i » time 

V = total volume of suspension 
Ui = u, Vj w, components of velocity 
Vy ^y rectangulac coordinates 
a *= a/f 

K « rate of shear 

17 « viscosity; 17/170 = »7r, relative viscosity 
T * shearing stress 
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ions in spite of their diameter being hardly greater than that of water molecules. 
This fact shows that the equations of hydrodynamics can be applied with suflS- 
cient approximation even for molecular dimensions. 

The simplest theoretical case is that of a suspension of rigid spheres. The 
solution of the problem for elongated or soft particles represents additional com- 
plications, so that the problem of spherical suspensions must be understood before 
embarking on more general solutions. We shall limit ourselves mostly to the 
discussion of the suspensions of rigid spherical particles, as the methods for 
generalization of the problem have been fully treated by several investigators 
(see, for example. Burgers (4), Petcrlin (14), etc.). 

The first attempt to treat mathematically the viscosity of suspensions is due 
to Einstein (6), who derived for the relative viscosity of suspensions of rigid 
spheres the equation : 

= IjAo = 1 + kc (1.1) 

where ri is the viscosity of the suspension, Tja is the viscosity of the pure liquid, 
k = 2.5 for rigid spheres, and c is the concentration by volume. The derivation 
introduces certain simplifications whicli are valid only for infinitely dilute sus- 
pensions. The values of k were calculated by several workers for different shapes, 
rigidities, and Brownian movement of particles. In general, for elongated par- 
ticles, it is found that k > 2.5, but for soft or liquid spherical particles the value 
of k can drop below 2,5. 

A way of approach to the problem of higher concentrations which includes the 
interaction of the particles was used by (luth. Gold, and Simha (10) (see also 
Eirich and Simha (9)). They extended the Einstein equation by a method of 
‘‘successive reflections^^ assuming that the disturbance of flow around a first 
sphere is compensated by an additional flow around the second sphere in order 
to fulfil the conditions of cemtinuity of velocity at its surface. 

By using a single reflection, the}^ obtained 

= (1 + ().5c - ().5c")/(l - 2c - 9.6r“) (1.2) 

According to Eirich, the formula agrees with measurements about up to concen- 
trations of the order of 8 per cent. 

Other theoretical and empirical viscosity formulae were derived by Baker (1), 
de Bruijn (3), Eilers (5), Hess (11), Vand (15), and others. 

2. DEFINITION OF THE VISCOSITY OF A SUSPENSION 

Before embarking on the problem of the derivation of viscosity formulae, it is 
necessary to make quite clear what is meant by the viscosity of a suspension. 
For isotropic incompressible Newtonian liquids, if the terms oi inertia are neg- 
lected, one obtains the following equation for the amount of kinetic energy, IF, 
transformed into heat in unit time as a result of internal friction (Eirich (9)): 

^ = 2v III a,, aadV (2.1) 
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where rj is the viscosity of the liquid, 

a.*= + 

2 \dXk ^x^ J 


1,2,3 


are the velocities of deformation, iit the three components of velocities expressed 
in rectangular coordinates, a»A«iA- is summed tensorially over twice-occurring 
indices from 1 to 3, and the integral is taken over the wljole volume of the liquid. 

The quantities d\V/dt and a , a can be determined experimentally in a given 
measuring apparatus, and ecpiation 2.1 can thus serve for determining the 
viscosity for a true Ikjuid. 

There are several possible ways of extending the definition of viscosity (equa- 
tion 2.1) for a heterogeneous suspension. One way is to define the viscosity by 
the formula 2.1 uiKihangcd, whore a, a- are the imiantancous velocities of deforma- 
tion. This definition has the disadvantage that these are such (complicated 
factors that it is practically imp(3ssible to calculate (3r to measure them in any 
apparatus. Since Ua are not practically observable quantities, rj defined as 
above is not (experimentally determinable. 

Then* is another possibility of defining the viscosity of a suspension, which is 
also identical with the current experimental pnictice: 


V 


dW/dt 


2 fjfaud.^ 


(2.3) 


where quantities with a bar are time averages over a sufficiently long period of 
time 7’. 'I'hus 


1 / dUt 

2 VdXA: 


w^iere 



(2.^1) 


This definition has tlu* advantage that the visc(.)sity defined b^^ cciuation 2.3 does 
not fluctuate w'ith time. In the region of concentrations where there are no 
complications due to thixotropy, etc., 77 is a unique and characteristic constant 
of a given suspension, if the flo\v is slow', the conditions in the apparatus are 
approximately stationary, and if tlie volume (jf the apparatus is sufficient!}^ large 
for the disturbing effects at the walls to b(' neglected. This is cxp(‘rimentally 
feasible if proper precautions in the coiLstructic^n of the apparatus are taken. 
Since da and dHyd^ can be determine(i from the layout ( 3 f the apparatus by the 
same methods as those for pure liquids, 77 is a measurable ciuantity. 

Let us (consider an idealized Ckniette apparatus, consisting of concentric cylin- 
ders so large that their curvature can be neglected compared to their distance 
apart, and the streaming can therefore be considered as ocaurring betw^nm twT) 
plane parallel plates. Streaming of such a type wdll be called an idealized 
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‘^Couette streaming'\ It will be further assumed that the driving force of one 
of the cylinders is constant. It is a matter of experience that if such an apparatus 
is filled with an inhomogeneous suspension (of a concentration below that of the 
region of anomalous behavior), and if the wall effects are neglected, a streaming 
will develop which will have the mean components of velocities similarly dis- 
tributed to those of a homogeneous liquid. If the fluid is incompressible the 
conditions of continuity inside of the liquid as well as on the walls must be 
fulfilled, whether homogeneous or not, and the detailed deviations from the 
steady streaming due to inhomogeneities, or fluctuations, due to the symmetry 
of the arrangement, are as likely to be positive as negative and will cancel out 
on averaging. 

For Couette streaming there will thus be no component of average velocity 
perpendicular to the walls, and no component perpendicular to the direction of 
relative motion of the walls. The mean velocity of streaming will be a linear 
function of the distance from the wall. The origin of the coordinate system 
will be set moving with the fluid at the origin, and the axis of the coordinate 
system x, 2 /, z so that the components of mean velocities are given by 

u — Ky, V — 0, w = 0 (2.6) 

where k is the mean rate of shear. (Since time averages only are to be considered, 
the bar over the symbols, meaning the time average, will be omitted.) Then 

2 

aaaik = ^ (2.7) 

and equation 2.3 defining the viscosity can be written 

dW/dt = t7kV (2.8) 

where V is the total volume of the liquid in which the heat is liberated. Since 
in our case 

1/V‘dW/dt = KT (2.9) 

where r is the shearing stress, we obtain 

T = VK (2.10) 

Let us keep t constant and introduce into the suspension of viscosity rj a fur- 
ther particle, small compared with the volume of the viscometer. This would 
cause a further disturbance of streaming, which would change the original value k 
of the rate of shear to i: + dn. From equation 2.10 it immediately follows that, 
since r is constant, 

riK ^ iv + diii){K + d^) (2.11) 

which can be written as 

dr)/v = -dK/K ( 2 . 12 ) 

as the increase of viscosity dy is small. Equation 2.12 is a fundamental differen- 
tial equation connecting the dynamic quantity dr; with the kinematic quantity 
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dK. It should be noted that this equation follows from the definition 2.3, and 
that it is valid for idealized Couette streaming for any kind of suspension what- 
ever and for any kind or shape of the introduced particle. It reduces the essen- 
tially dynamic problem of finding the increase of viscosity to a kinematic problem 
of finding dx, which is easier to handle, as the concept of forces is eliminated from 
the discussion. 

This is also the reason why it is preferable to regard the Couette cylinder as 
driven with a constant force per unit area, and not at a constant speedy although 
in practice the latter arrangement might be preferred for the actual measure- 
ments. The final deductions, of course, are equally valid for either arrangement. 


3. HYDRODYNAMIC EQUATIONS OF STREAMING OF AN INCOMPRESSIBLE 
FLUID AROUND A SPHERE 

Let US turn our attention to suspensions of rigid spherical particles. In order 
to calculate their viscosities, the change of rate of shear due to the introduction 
of an additional sphere into the suspension must be known. Let us consider 
first in more detail the hydrodynamic equations of general streaming of an incom- 
pressible homogeneous fluid under a system of shears, which will develop round a 
rigid sphere. The system of shears in the fluid before addition of the sphere is 
given by the velocities of deformation au, which in general can vary from point 
to point, but which must satisfy the equations of continuity in the fluid and at 
the walls. In considering the original streaming near the origin of the coordinate 
system, the origin being assumed to move with the fluid, it is assumed that the 
vary so slowly that at the distances from the origin of the order of the radius 
a of the sphere, the velocities of the liquid are given with sufficient accuracy by. 



i.e., the higher terms of velocity are neglected. 

The addition of one rigid sphere of radius a at the origin would not satisfy the 
conditions of continuity of the original streaming at its surface and a new field 
of motion must be found which, when superimposed additively over the original 
field, would restore the conditions of continuity. This new field is given by the 
additional velocities throughout the liquid, which in the most condensed 
form can be expressed as 




1 -(6r2/2a») ^0 kl 


(3.2) 


where the tensor 



^(5r2/2a*) 


• Xk Xi 


(3.3) 


and 


= xl + xl + xl 
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The velocities u[ thus cannot be expressed by a potential, so that the additional 
motion is rotational. 

After carrying out the differentiation, we obtain 


Ui 



Cifcl Xx Xk Xi 


a 0 

dilXl 


(3.4) 


In order to prove that the above equations represent the streaming induced 
by the presence of the sphere, it is necessary to show that they restore the condi- 
tions of continuity of the original streaming. 

At the surface of the sphere, r = a and equation 3.4 reduces to 


/ 0 1 / 

= - 2 U 


du 

dx 


+ : - 


?) 


(3.5) 


This equation, combined with the velocities of the original motion, given by 
equation 3.1 gives 




+ y. = 


1 /ihi”, _ du 

2 dx 


;) 


Xi 


(3.6) 


This, however, represents a rigid rotation of the sphere, and equation 3.6 thus 
fulfills the condition of continuity at the surface of the sphere. To demonstrate 
this on a special case, let us consider C'oiictte streaming: 

= /ca-2, 'lit = 0, 7/3 == 0 (3.7) 


Then equation 3.6 reduces to 

ni = IkX2, U2 ~ —IkX\, tlz = 0 


(3.8) 


which represents a rigid rotational motion of the sphere with an angular velocity 
k/2 around the third axis. 

It remains to prove that the condition of continuity of the additional streaming 
is also fulfilled throughout the liquid. The derivatives of velocities, after carry- 
ing out the necessary differentiations, are: 

^ = l 4(5 - 7a%c„A'‘ - (1 - a)S,„.A° 

dXm 2 

- 2Aln + 2a^(A;. + Al)] - aal, (3.9) 

where, in order to bring the formula into a more manageable form, the following 
symbols are used: 


a == 


a 

r 


is a dimensionless (luantity 


X 

Cx = - are the direction cosines 
r 

A'‘- = ^ all = ci^cialt (3.10) 

i 0 0 

A im — CtC iClffx I 

dim = 1 for i = TO, S,m = 0 for f 5^ TO 
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The condition of continuity for an incompressible fluid is 

dui/dxi + dUi/dx2 + dus/dXs = 0 (3.11) 

After substituting equation 3.9 in eciuation 3.11, we obtain 

ld}/,/dXi = ( 3 . 12 ) 

But as the original streaming fulfilled the condition of continuity, i.e., 

= 0 (3.13) 

it follows that 

:i:du[/dx, = 0 (3.14) 

and the validity of equation 3.2 is proved. 

It is of interest for further ealculations to know the velocities of deformation 
aim of the additional field due to the presence of a sphere. They are obtained 
easily from equation 3.9: 

a<m = — 7a^)CtCmA^ — (1 — 

— (1 — 2a){A\m + Amt)] — aa^rn (3.15) 


For the special case of Couette streaming, equation 3.4 can be written, using 
for Xi = Xy a *2 = Vy x^ = 2 : 

5 \a^x^y( ar\ layl 

5 raxy-/, a'\ 1 a'xl 

" 2"L'> \ rO 2V*J 


(3.16) 


r r 3 / 2\ "1 

, 0 a xyz ( a \ 


These equations can also be obtained directly from Osi‘cn’s formulae (Burgers (4) ; 
Oseen (13)). At points far away from the sphere 

u' — —^Kax'y/r^ 

r’ = —^Kaxif/r"’ (3.17) 

w' = —^Kaxijz/r^ 


These equations can be generalized for a sphere which is not at the origin of 
the coordinate system. 

If the coordinates of the center of the sphere iS are y„ z„ then by a simple 
transformation of coordinates, the vehwities at a point .4 having coordinates 
XAt^yA, 2 a arc found to be: 

Uam = -|«n’(jA — x,f{yA — y.)/rA. 
v'au) - — — x,){yA — ?a)V''a. 

■a^AO) “ — (.T.! — x,)iyA yiji^A 2,)/r.i» 


(3.18) 
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where 

u, = (xa - + (va - ysf + (za - z.Y 

The full equations 3.4 can also be expressed in a similar form, Xi, Xk, xi being 
replaced by the differences of coordinates of the point A and of the center s of 
the sphere. 

The simplified equations 3.17 can be easily visualized. 

Figure 1 represents the additional streaming in the plane 2 = 0. The stream- 
ing at great distances' is radial, with a maximum at 45® and 225® towards the 
sphere and at 135® and 315® away from the sphere. The stream tubes are cones, 
the velocity falling off with the square of the distance from the sphere. 



Fio. 1. Schematic section of the additional streaming through plane 2 = 0. At great 
distances, the streaming is radial and the stream tubes are cones. 


In order to complete the hydrod 3 mamic treatment, the Stokes-Navier dif- 
ferential equations 


du^ , dUi ff . 

dt oxk p 


P OXi p 


(3.19) 


should be fulfilled throughout the liquid; p is the density of the liquid, 

V — • 

Am,- = 2-( 

* oXk 

Ft are the components of forces acting on unit volume of the liquid, and p is 
the pressure. 

Sti * 

These equations are non-linear, as they contain the “inertia” terms un—. 

OXh 

As only a slow motion is considered, the inertia terms can be neglected. When 
the streaming is stationary and the outside forces can be neglected, the Stokes- 
Navier equations are simplified into 

dp/dxi = itiLui 


(3.20) 
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This is justified when the ‘‘Reynolds number” B = pwa /17 is small compared with 
unity (p = density, u ~ velocity, a = characteristic length in the instrument). 

Couettc streaming (equation 3.7) obviously fulfills equations 3.20 by a solution 
dp/dXi = 0 , or p = const. 

In order to show that the additional streaming shown in equation 3.2 or 3.16 
fulfils the Navier-Stokes equations (equations 3.20), let us differentiate equation 
3.16 twice and add the second derivatives: 

Au = —OKayr^^il — 5xV^) 

Av = —5Kaxr ^(1 — 5?/V'^) (3.21) 

Aw = 2bKC^xyzr~* 

The Navier -Stokes equations arc again fulfilled hy a solution 

P = Pq — 5r)Ka^xyf~^ (3.22) 

which reduces to a constant value po at infinity, is everywhere continuous and 
single- valued in the Avholc region of space r ^ a, and represents thus a physically 
possible pressure distribution in the surrounding liquid. 

At the surface of the sphere, r = a and the pressure is not uniform. However, 
forces on the sphere resulting from this non-uniformity of pressure at different 
points of its surface cancel out on integration over the surface of the sphere, so 
that the resultant force is zero 

This shows that a translational motion of the sphere relative to the liquid need 
not be considered and the so-called Stokes terms vanish. The sphere itself, 
however, is strained, and if not rigid, it is liable to undergo deformation. Equa- 
tions 3.22 might serve as a starting point for calculations on non-rigid particles, 
such as droplets of an emulsion, where the unequalities of pressure should be 
balanced, for example, by surface-tension forces. 

Limiting the dimension to rigid particles onl}^ it remains to show how equa- 
tions 3.20 behave for higher concentrations. 

The particle density N will be assumed constant throughout the space. Then 
the pressure in any fixed point in suspension would be given by summing up all 
the contributions of individual particles: 

P == Po — 5vNk(i J J j xyr~^ dT^ (3.23) 

The interaction of particles, as will be seen later, can be expressed by increasing 
#c to a certain higher value, but as the integral owing to its symmetry properties 
vanishes, the same solution as for Couette streaming of a pure liquid is obtained: 


p = Po 

If the particle density N is not considered constant, but statistically fluctuating, 
or if there is rapid motion, then the solution begins to be compli(?atcd, and Stokes 
terms of resistance would appear in the solution. 
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4. DERIVATION OF A VISCOSITY FORMULA WITHOUT INTERACTIONS 

In the preceding part the influence of a single sphere on the motion of a fluid 
subjected to shear has been discussed. Attention will now be turned to the 
suspension of spheres, assuming, for simplicity, that the spheres are uniformly 
distributed throughout the liquid, that the majority of them are so far from the 
walls that the simplified equations 3.17 can be used throughout to express the 
additional streaming due to each sphere with sufficient accuracy, and that the 
distances between the individual spheres arc sufficiently large so that the direct 
interactions between the spheres can be neglected. 

Starting with a suspension alreadj^ containing N spheres per unit volume, so 
that the volume occupied by the spheres per unit volume of the suspension is 
iwaNj the effect on the streaming of a further addition of dA^ spheres per unit 
volume will be investigated. 

In the case of idealized Couette streaming given b}’' average velocities 

n = Ky, i; == 0, tc = 0 (4.1^ 

one wall y — y a has a velocity Ua = kija, and the other wall y = yn has a velocity 
Ub = kijb. By taking a slab of suspension of a thickness d/y parallel to the walls, 
one can calculate the resulting additional velocity d'a,i at a point of the wall 
X = 0, 2 / = ?/a, 2 = 0, due to the combination of the velocity fields of all the addi- 
tional spheres in the slab. By taking one sphere, the coordinates of which are 
x„ ys, Zsy it is found that for ?/^ > y, > ya, the velocity at the point of the 
wall 0, 0, due to this sphere is, according to equations 3.18: 

(4.2) 

The total additional velocity d^a^ will be given by integrating over the whole 
slab: 


d^UA == dN dyiyA — y.) j j xlr^l dx, dz„ (4.3) 

— QO 

As 

00 

f j — y,)~^ (4.4) 

—00 

we obtain: 

(i^UA == —%TrK(i dN d?/ (4.5) 

It should be noted that the additional velocity di\iA is independent of the dis- 
tance yA — 2/« of the slab from the wall, as this cancels out. 

If another point at the wall had been chosen, the same result could be obtained 
by a simple transformation of the coordinates. The additional velocity is thus 
also independent of the coordinates of the point chosen on the wall, and the effect 
of the slab is to change uniformly the velocity of the whole wall A by 

d\iA = dN dy 


(4.6) 
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Similarly the velocity of the wall B would be changed by 

d*MB = dN dy (4.7) 

We are interested in the relaiwe velocity m, of the walls, which is experimentally 
determined. Before the addition of the sphere this was 

Ur ^ Ua - Uo = K{yA - Vb) (4.8) 

and the change due to the addition of the slab was 

dV = d^M^ — d%B = — ^-sTKCi dN dy (4.9) 

The change of the relative motion due to the effect of all the slabs can then be 
obtained by integrating from ijn to yA : 

d?/, = -^iiTKa dN / dy = —\^TKa^dN{yA — ya) (4.10) 

By differentiating equation 4.8, 

dur = dK-(yA - Vb) ( 4 . 11 ) 


and the addition of dN spheres per unit volume would change the shear k by 


dK = — V 

(4.12) 

As — CIS the concentration by volume, 

f Tra^ dN = dc 

(4.13) 

and 

dx/ic == — A; dc 

(4.14) 

where the constant k = 5/2 for rigid spheres. 

Applying now the relation 2.12, we obtain finally 

drj/f] — kdc 

(4.15) 

which on integration gives the well-knoAvn Arrhenius formula: 

^Ogeiv/vo) = kc 

(4.16) 


where the integration constant rjo is the viscosity of the pure liquid. 

The Arrhenius formula is thus obtained when it is assumed that there is no 
interaction between the particles. 


5. INFLUENCE OF PROXIMITY OF A WALL 

The preceding discussion dealt with the problem of a suspension of spherical 
particles under the simplifying assumption that the dimensions of the apparatus 
are so large compared with the dimensions of the particles that only a negligible 
proportion of the particles can be regarded as at a small distance from the walls 
of the apparatus. In principle, it is always possible to build a Couette apparatus 
of dimensions as large as may be rc(iuired, but in actual practice there are limita- 
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tions. For example, there is often not a sufficient quantity of a suspension avail- 
able to fill up a large instrument, or there is the difficulty of temperature control. 
Since capillary viscometers of the Ostwald type have many advantages over the 
Couette apparatus, it is worth while to investigate in more detail the so-called 
“wall effects”, and then to correct the readings of smaller instruments rather 
than to use excessively large instruments for the measurements. 

We shall investigate in more detail and more rigorously the full interaction 
between a wall and a sphere placed at a point x„ y„ z, in proximity to an infinite 
wall y = yA, the original streaming of the fluid being again given by 

0 0 /V 0 rk 

u = Kij, a; = 0, = 0 

The second wall y — ya would be assXimed to be at so great a distance that its 
effect can be neglected in the proximity oiy a- 

After the addition of the sphere the new streaming described by equation 3. 10 
will not fulfill the condition of continuity at the wall, as in general for y = Va 
the normal component o' ^ 0. A further additional field must be sought which 
would bring the condition of continuity back to fulfillment over the whole wall. 
The normal components over the wall can be made to vanish by a method of 
“mirror images”. Let us imagine behind the wall a “mirror image” streaming 
given by du^Jdy = — k, and place a mirror image M of the sphere s at a point 


, r a*x.{,yA - y,y ( 


1 

o* 1 



“ 2 

^Ae 


xm = Xs, yM = 2 yA - 2/*, zm = z„ 

The normal component of the field of the original sphere a at the point -1 of 
coordinates 0, yAj 0 at the wall is, according to equation 3.16: 


(5.1) 

(5.2) 

(5.3) 

(5.4) 


and of the field of the mirror image Mx 

%^XM{yA - VmY . 


' - VmY ( . a^\ la® 1 

Va{M) = ■ “6 I ^ ^2 ) *“ 9 

L \ Tam/ 2 Tam J 


As 


Xm = X,, {ijA - yM) = -{yA - y.)y vam = 
the sum of the two components at the wall 

VMS) + VmM) = 0 

and the condition of continuity is satisfied. 

However, the introduction of the streaming of the sphere at M will cause at 
s an additional velocity of deformation an proportional to aj 2 , 

ai2 == Kan (5.6) 

The constant K, according to equation 3.15, is 


K = fa® — 4a^, where a = ^ r 

^iVA - y.) 


(5.6) 
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SO that the sphere s will be subject not to but to + a^. To maintain con» 
tinuity, the mirror image M must also be subject to an additional velocity of 
deformation —an. These fields, however, must be again compensated by fields 
Oi2, ai2 , etc. of diminishing strength. 

As the presence of the velocities of deformation a^, ai2, etc. combined with 
their mirror-image fields would bring their normal components of velocity over 
the whole wall always to zero, the addition of fields of this type would maintain 
the condition of continuity over the wall, even if the reflections are repeated 
an infinite number of times. 

Hence we obtain the relations 

(ii2 — Kuui ^12 = Kai2j etc. ( 5 . 7 ) 

and the final field ai2 for K < 1 would be obtained by adding an infinite number 
of the reflections 

ai2 = Ui2 + ai2 + ai2 + * • * ( 5 . 8 ) 

or 

ai 2 = ^12(1 + K • • •) = a 52 /(l — K) ( 5 . 9 ) 

If jfiC < 1 , the series is convergent, and a field Ciz exists which not only fulfils the 
condition of continuity over the whole wall, but also restores this condition over 
the surface of the spheres 5 and ilf. 

Substituting for K from equation 5.6 we obtain 

U12 = Ui2[l — T^d^/iyA — t/»)^ + Id^/iVA “ ^ ( 5 . 10 ) 

which shows that if the center of the sphere is at a distance (?/^ — y») from an 
infinite wall, the conditions of continuity are restored if a value of ai2 is sub- 
stituted instead of a?2 in the equations (equations 3 . 16 ) of the motion of the fluid 
round the sphere. 

It should be noted that equation 5.10 is still not a rigorous expression, as the 
following approximations were used in its derivation: (i) The effect of higher 
derivatives of Ui was neglected. {S) Tangential components of velocities over 
the wall were not brought to a constant value, as they should have been for a liquid 
of non-zero viscosity. 

The effect of higher derivatives of Ui can be assumed to decrease very rapidly 
with increasing distance from the wall, so that this effect can be regarded as 
negligible. The calculation of a further compensation field to make the value 
of the tangential velocity constant over the whole wall represents a difficult 
problem of solving functional equations. The method of mirror images, which 
is successful in satisfying the conditions of continuity, is of no further help here. 

It is, however, a practice in classical hydrodynamics to neglect fields of the 
tangential type, assuming that they fall off very rapidly with the distance from 
the wall. There is still an open field for improvement of the theory, but the 
mathematical difficulties are a serious obstacle for further investigation. 

After combining the final streaming of the sphere s and of its mirror image M 
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and dividing by 2 in order to obtain the contribution to streaming at the point A 
of the wall due to one sphere, we have = 0, i.e., the streaming at A is tan- 
gential to the wall, the velocity components being 




WMa) 


g Of Xs ^ ^ \ / \ 

■ if./ “ *'■’ 


(5.11) 


where, according to equation 5.10, 


K = kq[1 — — 2 /*)^ + /(y A Vs)^] ^ 


(5.12) 


We can now proceed further as in Section 4, considering again a slab dx/ con- 
taining dN additional spheres per unit volume, and obtaining the total addi- 
tional velocities diw^ at the point A due to the slab by integrating over the 
whole slab. Owing to the symmetry of the expression for w^ia) in x and z, we 
obtain d^WA = 0, so that there remains only the solution of the integral 

/ 2 2 2 2 \ 

= -y/co® dAT dy(2/A ” 2/.) // (^5 “ 

xz 

Putting y = Va — y„ it follows that: 

d^'w^ = - ^KCL dN dy{yA - y,)[lr/{yA - y,) - ^a\/iyA - y,)^] (5.14) 

Substituting for k from equation 5.12, the retardation of the wall A is found to 
be 

d*M^ = -iKoira* dNdy(\ - ~j-~ 

\ 10 {Va 



At a great distance from the wall A, {y a — 2/J > > a, and this formula reduces 
to the simplified formula 4.5. On the other hand, as no center of a sphere can 
approach to the walls A and B nearer than its radius a, equation 5.15 must be 
replaced by the condition d^UA = 0, when 

\yA -- ya \ < a and {ya - ya\ < a (5.16) 

A similar expression would be obtained for the slabs in the immediate vicinity 
of the wall J5, the signs being appropriately changed. We are interested only 
in the change of the relative velocity Ur of the two walls A and B, intending to 
obtain the effect of all the slabs by integrating from ijb to 2 /a. Instead of writing 
the expressions in full, and integrating, as in Section 4, the calculation can be 
simplified by considering the effect of one wall A only. 
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Equations 5.15 and 5.10 can be also written as follows, substituting for 
(z/a ~ y,)/a = {yji — y^)/a == di/ = a cl{ 

— — ^KoTra^ dN dy + -^KoTra^ dNaF(^) df (5.17) 

for 1 ^ — 1, where 

LVt) -- i 

and 

d^UA == — iKoTra^ dN dy + ^KoTra dNa d^ 
for 0 < ^ < 1 and for ^/i — 1 < ^ < 

But the first terms on the right-hand sides are identical with equation 4.5 and 
thus the ^‘wall effect’’ alone is represented by the second terms of equation 5.17. 
Hence the additional change of velocity of the wall A due to the “wall effect” 
alone of all the slabs is represented by 

(tluA)r = hoira' (IN |^jf df + df + ^ djJ (5.18) 

The middle integral in eciuation 5.18 can be written as 

r 'm = rm df - r 

Jl •'Sb-1 

The numerical value of the integral 

F(|) d| = ().()03 

was found by development in series and integration. 

It should be noted that if the distance of the wall B from the wall A is of the 
order of a, then the last integral in ecjuation 5.19 is not negligibly small and 
should be taken into calculation. However, it rapidly decreases to zero with the 
increasing distance of the walls, so that for all practical purposes, where the dis- 
tance of the walls is several times that of a, this integral can be neglected. 

It follows that 

(duA)w = Ikottu* diV- 2.003a (5.20) 

In a similar manner, for the wall B 

(dwB)jr = iKowa dA^ •2.603a (5.21) 

The required change of the relative velocity Ur of the two walls can be witten 
as 

dur = du^ *4" (dM.x)ir “■ dun (dwB)H' 

= - k^TKoadNiyA - - 2.G03a) 

== - ^TTKoa dNiyA - Vb - 2D) (5.22) 


where D == 1,3015a. 
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The final result of the discussion is thus that the wall effect is fully accounted 
for, if in our formulae the distance Va ^ Vb between the walls is diminished by 
2.603a. It is as if along each wall there were a layer of a thickness D == 1.301a 
which does not contribute to di^r, i-e., which can be regarded as of viscosity of a 
pure liquid. The measured uncorrected values of viscosity of suspensions will 
tend to be smaller in small instruments than in larger ones. 

The above discussion of the wall effect elucidates many apparently anomalous 
results on suspensions, as the ‘‘sigma phenomenon'' etc. In the region of high 
concentrations, considerable slip at the wall might develop due to the layers of 
low viscosity along the walls which might finally completely overshadow the 
effects of shear inside of the suspension, making the measurements useless. It 
should be noted that this slip is quite distinct from the phenomenon called 
“plug flow" of the Bingham body, as it develops even in the region of concen- 
trations where the suspensions behave in bulk as a true Newtonian liquid. 

6. INTERACTION OP THE PARTICLES 

The formula for the interaction of the particles follows directly from exjuations 
3.15. Around each sphere there develops a field of velocities of deformation 
superimposed over the original field ajn», and so a second sphere will find it- 
self subjected to a combined field a!m + aJw. However, the first sphere would be 
subject to an additional field Uim of the second sphere, and in order to satisf}^ 
conditions of continuity, it will develop a further field a^m, and finally a scries of 
fields aL, oUmf • • * etc. of decreasing strength develops for each pair of 
spheres. The final resulting field is then obtained by a summation of an infinite 
series, as in the case of the “wall effect", and by an integration over all possible 
positions of the second sphere with respect to the first sphere. The? integration 
can be performed first for each individual term of the scrie.s, and the terms 
summed afterwards. 

However, the odd members of the series will vanish on integration, owing to 
the symmetry properties of the integral. As there is no first-order interaction 
between the spheres and the rest of the suspension, we shall start with the dis- 
cussion of the “second order" field a<« due to the “reflection" from the first 
sphere to the second sphere and back. 

The field a^^can be obtained by substituting equations 3.15 into themselves, 
which after rather laborious but otherwise straightforward calculation, omitted 
here owing to its length, gives as a result 

- 20a + 9a )CpC,/l“ - fa®(5 - 12a* + 7a‘)5,,/l" + 

fa*(5 — 16a* + 12a^)(^p, + -4*p) + a'*ap, (6.1) 

This represents the second-order field of velocities of deformation acting 
on the first sphere due to the presence of a second sphere at a distance r under 
directional cosines c*, when itself originally subjected to velocities of deforma- 
tion, aa. The field does not cancel out on integration. 

In any volume element there are N dF additional spheres present, and the field 
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of velocities of deformation due to all of these spheres is given by the integration 
(in polar c-obrdinates) which will be denoted by a bar over the symbol : 

= N ' j j j a'pt dS dr (6.2) 

8 

It is convenient to perform the double integration over the surface of the 
sphere S first, the variables being the direction cosines, and then to perform the 
integration over radius r. As no center of a sphere can approach to a given 
sphere nearer than 2a, this integration should be carried from r = 2a to oo 
and not over the whole space. 

As we are examining Couettc streaming, in which the coordinate system is set 
so that for p — q, — 0, we can restri(^t ourselves to a case oi p 7^ q, 

/\fter carrying the necessary double integrations over the sphere, we obtain 



or 

^pq = Na\,jTr(i[^ 2 + T^] = xf^ra^Vap,^ (6.4) 

As \TraN = c is the concentration by volume, it follows that 

(Ipq == Qca^pq, 0 = If (6.5) 

where Q = 0.60937 is the sought interaction constant. The second-order inter- 
action field is thus proportional to the concentration of the suspension and to the 
original field a^,;, as would be expected. 

In a similar manner we obtain for even, higher-order, interactions 

= Qcd'\ = Qcd^*\ etc. 

The final field d is given by a sum of all of the even-order fields concerned: 

a = a\\ +Qc + {Qcf +•••) = = a" (l + (6.6) 

As Q < 1 and c < 1, it follows that Qc < 1, and the series is convergent for any 
c, i.e., a field d always exists. 

The above result means that at a concentration c every sphere of the suspen- 
sion develops an additional streaming as if subjected to a field kQc/{1 — Qc), 
in addition to the actual field k. Now the formula 4.14 can be corrected for the 
interactions: 

where the first term on the right-hand side corresponds to the Arrhenius term 
without interactions and the second is the effect of interactions on the field 
increase due to the particles added y whereas the third is the effect of the change 
of concentration on the interaction field due to the particles already present in 
the suspension. 
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By integrating equation 6.7, a viscosity formula corrected for interactions is 
obtained : 

logc rjr = kc/(l — Qc) (6.8) 

7. COLLISION EFFECT 

In the above discussion the hydrodynamic effects of collisions of the particles 
have been neglected. At high concentrations, there would be also other causes 
contributing to the increase of viscosity, due for example to the neglect of higher 
derivatives of Ui in equation 3.1 at the outset of the calculation. The density 
N is also not strictly constant, and a density distribution, such as shown on figure 
2, would develop round each sphere. Each sphere would leave two empty (chan- 
nels, from which other spheres had been pushed aside. It is believed, however, 
that such effects would influence only terms of higher power than the second, so 



Fig. 2. Distribution of the density JV round a sphere in consideration. The sphere leavess 
two empty channels, from which the other spheres were pushed aside (regions of high den- 
sity represented by thick lines) . 

that our attention will be limited to the collision effect, which affects the second- 
power term. 

The actual collision process would differ for suspensions with strong and with 
weak Brownian motion. For the latter case, according to Bingham (2), the 
collision process can be pictured as follows: 

In a suspension, spheres in the same stratum have the same velocity and do 
not change their mutual distances. However, spheres in different strata under 
the shearing mention of the liquid move with unecpial velocity, and collisions 
occur, depending primarily on the concentration, but also upon any association 
(attraction) or repulsion forces w^hich may exist between them. 

We shall only deal with the simple case of no forces between the spheres and 
no Brownian movement. These collisions do not rCvSemble collisions in a gas, 
as the colliding particles roll round each other till they reach such positions that 
a disengagement through further shear takes place. 

There will be some kinetic energy transformed into heat during the collision, 
the amount of which would depend on the rate of shear. As we are dealing vrith 
only slowly moving suspensions, and as the kinetic energy depends on the square 
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of the velocities, these effects would be negligible under the above conditions, 
and the only effect would be caused by purely geometrical factors. To calculate 
this effect, it is necessary to know for each sphere the average fraction of time 
spent in collisions. 

The origin of coordinates will be set in the point of contact, as this would re- 
main stationary with respect to the stratum of liquid passing through it during 
the collision. Then the velocity of the center of each sphere with regard to this 
point will l)e ?/ = kij before collision. 

Introducing polar coordinates w, 0 (see figure 3) : 

y = acoso> sin <j> (7.1) 



Fig. 3. Geometry of the collision process. Point of contact is at the origin. The path 
of a center of a sphere before, during, and after a collision is represented by a thick line. 


The velocity of rotation dw/dt will be thus 


and the time i spent 


a dc^/dt = Kij cos o) 



f 

•f 03 t 


a do? 

KlJ cos 0) 



do; 

K sin <j> cos- CO 


tan coo 
K sin <t> 


(7.2) 


(7.3) 


The time spent during the collision of a pair of spheres depends thus only on 
their initial angles of contact, coo,0, of the collision. 

In order to calculate the total time T spent per unit time by one sphere in col- 
lisions with other splieres, we must transform the origin of the coordinates in its 
center. Let N be the number of spheres per unit volume. Then 


T ^ I f UyiyNp dp d^ ^ f f tan coo-p'^A^ dp d<^ 

•'p-O ‘ 


(7.4) 
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where p* = yS + Zo of t he other spheres in the new codrdinate S 3 r 8 tem. 

As tan (oo = \/4 oVp* — 1> 

liro’AT = c (7.5) 

T ^ -vN r V4o* - p* d(p*) = ^irNa* = 4c (7.6) 

Jq 

Thus the time T spent per unit time by each sphere in collision is four times the 
concentration if there are no attractive or repulsive forces. 

The time would be lengthened by attractive and shortened by repulsive forces. 
It would be also influenced by Brownian movement and to some extent also by 
forces arising from mutual hydrodynamical interactions. We can thus write 
generally T = where r 2 = 4 for the simplified case of spheres without forces 
and no Brownian movement. 

This important result clearly shows that the influence of collisions on viscosity 
must be large even at moderate concentrations. It signifies that at any time 
there is present a concentration C 2 == r^icl of ‘^doublets^^ i.e., of pairs of colliding 
spheres, where ci is the concentration of the “singlets”. Similar calculations to 
those on doublets would give the concentration of “triplets”, or triple collisions, 
to be to a first approximation Ca = r 8 CiC 2 , where the time constant n is to be again 
determined from geometrical considerations. We have then the following sys- 
tem of equations: 

c = Cl -f- Cfl "f* Ca “f" • ' • 

2 

Ca == roCi 

8 . (7J) 

Cz = rtCiCs = etc. 

which give an equation for Ci*. 

c — Cl — rac? — TiVscl 0 

This equation can be solved by an infinite series, so that we obtain: 

Cl ^ c — rttp^ -- (rafa — 2rl)c^ — . . . 

C 2 = rac^ — 2rlc — • - • 

Ci = rafac* — . . . etc. 

It should be noted that equation 7.8 is only an approximation, as there are 
several ways in which doublets, triplets, etc. can be created (for example, by 
disruption of a multiplet). Such processes, however, would influence higher- 
order terms only. 

We can now consider that a suspension is composed of a mixture of particles 
of various shapes, each kind of particle having its own characteristic shape 
factor k. There will be a partial concentration Ci of single spheres having a shape 
factor ku C 2 of doublets having a shape factor ca of triplets having ka, etc. The 
resulting mean shape factor k, of a mixture, which should enter the calculation 
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of the viscosity, is then given by a weighted average of the shape factors of all 
the particles present, i.e., 

J == + ^2^ 2 + fcsC a +_• * (7 9) 

c 

Substituting for the partial concentrations from equations 7.8, we obtain: 

^ = A:i + r 2 {k 2 - ki)c + Mh - Aq) - 2r2(/c2 - ki)]c + • • • (7.10) 

This value of Tc should be now substituted in the viscosity equation (6.8) so that: 

log vr = [he + r 2 {k 2 - h)^ +...]/(! ~ Qc) (7.11) 

For rigid spheres, the value r2 == 4 has been derived. The numerical values of 
and of the shape factoi’s A3, etc. are not knoivn. We shall not carry out the 



Fig. 4. Schematic representation of the ininn)bilized liquid during a collision of two 
spheres. The immobilized volume is represented by a shaded area. 

calculation for h but attempt only the calculation of the shape factors. The 
shape factors can in principle be calculated from a rigorous hydrodynamic 
theory, which should include Stokes terms, but as the mathematical difficnilties 
are considerable we shall limit ourselves only to the substitute of a correct treat- 
ment, estimating the values of the shape factors by means of the help of fictitious 
‘‘immobilized liquid*'. 

Let us start with a pair of rigid spheres in a non-slipping contact, i.e., with a 
dumbbell-shaped rigid body (figure 4). According to Eiricli and Mark (8) 
the shape factor of a body having slots, crevices, etc. is primarily given by its 
outer outline, so that the liquid filling the holes can be regarded as “immobilized" 
by the particle. A colliding pair of spheres can be regarded as immobilizing all 
the liquid which is situated in a space in the neighborhood of the point of contact. 
As the volume of the resulting b(xly would be greater than the sum of the vol- 
umes of the two separate spheres, increase of the shape fa(*tor A of the colliding 
pair would result. The “immobilized" liquid, of course, has no sharp boundary, 
but for convenience it can be regarded as being limited by some fictitious sliarp 
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boundary, drawn so that the viscosity increase of the resulting rigid body is the 
same as that of a real pair of colliding spheres. The immobilized liquid is, as a 
consequence of geometrical similarity, proportional to the volume of the spheres. 

The immobilized volume can be roughly estimated to be of the order of the 
volume enclosed inside a cylinder, as shown in figure 4. This volume is for a 
pair of particles equal to 

27ra^ — = fTra^ 

The immobilized liquid increases the original volume fTra® to i.e., by a 

factor 5/4. The shape factor is thus approximately increased in the same 
ratio, i.e., k 2 = 5/4 -Ai = 25/8. As the resulting body is now non-spherical, 
but approximately an ellipsoid of axial ratio 1:2, the shape factor should be fur- 
ther increased by a factor 2.54/2,50, a value obtained from the data for ellipsoids 
by Burgers (4) on the assumption of small Brownian motion. Hence a final 
value of k 2 == 3.175 is obtained. However, this value is known with less cer- 
tainty than the other constants of the theory. 

For triplets we can obtain a value of ksy considering that there would be in the 
first approximation two points of contact, each immobilizing of liquid. The 
original volume of would be increased thus to i.e., by a factor 4/3. 

Neglecting the further influence of the non-spherical shape of the triplet, we ob- 
tain for ks the value 3.34. The shape factor, however, would not increase 
much further; for very large clots of particles the ratio would depend only on the 
kind of packing of the particles, and for example for (*ubical packing of spheres 
it would be increased by G/tt = 1.91 times, and k^ = 4.78. We have seen that 
as the concentration is further increased, clots of three, four, etc, particles would 
begin to form in greater ciuantities and rotate as a whole. When eciuilibrium is 
reached these clots will have a certain average size. Finally, there must come a 
concentration at which the clots come in contact across the entire space occupied 
by the suspension. Before this region is reacflied, the clots, which in average have 
shapes not very far from spherical — since gnuitly elongated shapes are more 
quickly disrupted by shear ~ behave as individual particles, immobilizing an 
amount of liquid given by the kind of packing of the particles in the clot. 

When the clot extends over the whole suspension, it is expected that other 
laws begin to l)e valid, as the particles will assume positions determined by their 
neighbors, and a definite structure begins to be built as the shear progresses. 
The viscous behavior of the suspension will be replaced by a plastic behavior. 

Similar considerations would apply also to non-spherical, to non-rigid, and 
to solvated particles. The numerical values of the constants, however, should 
be then modified appropriately. 

8. SUMMARY 

1. Taking into account the mutual interaction of the particles and their col- 
lisions, the following theoretical formula (7.11) for the relative viscosity Vr of 
suspensions of rigid spheres having a volume concentration c was derived: 

kic + r2ik2 — + . . . 
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2. This formula is believed to be valid accurately up to second-power terms 
and, as will be shown in following papers, agrees very well with the observed 
values of viscosity of artificial suspensions and solutions over a wide range of 
concentrations. 

3. For rigid, non-solvatcd spheres without mutual forces and without Brown- 
ian motion, the following values of the constants were derived from theor.y: 

Einstein shay)c factor of single spheres ki = 2.5 

Sha])e factor of collision doublets Aro = 3.175 

Collision time constant 7^=4 

Hydrodynamic intcracitioii constant , Q — 0.6011 

4. The etpiation 7.11 can be written as a powTr series: 

= 1 + A'lC -f- kiiki + 2Q) + r2{k2 — A’l)^ c*” + • • • 

- 1 + 2.rK* -f 7.349c“ + • * • 

in w'hi(*h foim it is more suitable for comparison with experiments. 

5. The wall effect w^ns investigated and it w^as found that the measured value 

of the viscosity of a sus{)ension in a given instrument is modified by the presence 
of wTills by th(‘ same amount as if along each w'ull there wurc a layer of a thick- 
ness ]) of viscosity of th(‘ i)ur(‘ li(iuid. Its theoretical thickness w’as found to be 
1) 1.30 la, where a is tin* radius of the spheres. 

4iie author is indebted to th(‘ Directors of l.ever Brothers and Unilever Lim- 
ited for theii’ permission to j)ublish this paper, and to Dr. F. Eirich and Mr. 
T. R. Lomer for valuable help. 


HEFEREXCES 

(1) Rakkh, F.: J Chem. Soc. 103, 1653 (1913). 

(2) Binc}h.\m, E C.: Fluidity and FlaMicity. McGraw-Hill Book C'onipany, Inc , New 

York (1922). 

(3) Bri’in, II dk: Rec. trav chini. 61, 863 (1912); Chcni. Zentr. 1943, 935. 

(4) Burgers, J M.: Second Report on, VtscosUy and Plasticity ^ p. 128. N. V. Noord- 

llollands(die Uitgeversrnaatschappij, Amsterdam (1938). 

(5) Filers, II.: Kolloid-Z 97 , 313 (1941). 

(6) Einstein, A,: Ann, Physik [1] 19, 286 (19()6);34, 591 (1911). 

(7) Eirich, F.: Reports on Progress in Physics 7, 329 (1940). 

(8) FhRicn, F., AND Mark, II.: Papier-Fabr. 27, 251 (1937). 

(9) Eirich, F., and Simha, R.: Sitzunzsb. d. Mathem. Naturw. Kl. (II b) 146, 513 (1937). 

(10) Guth, IC, and Simha, R : Kolloid-Z. 74, 266 (1936). 

(11) Hess, K.: Kolloid-Z. 27, 1 (1920); 31, 338 (1922). 

(12) Jaeger, F. M.: Second Report on Viscosity and Plasticity j p. 96. N. V. Noord- 

Hollandsche Uitgeversmaalschappij, Amsterdam (1938). 

(13) OsEEN, C. W.: Hydrodynamik. Leipzig (1927). 

(14) Peterlin, a.: Z. Physik 111, 232 (1938). 

(15) Vand, V.: Nature 166, 364 (1945). 



302 


VLADIMIR VAND 


iodide in water is high, being 81.3 per cent by weight at 20°C., and increasing 
slightly with increasing temperature. The solution contained about 1 part of 
pure glycerol per 2 parts of water. The approximate composition of the solu- 
tion was thus zinc iodide 82 per cent, water 12 per cent, and glycerol 6 per cent. 
The solution was always washed off the spheres by distilled water after a series 
of measurements was finished, and was reevaporated back again to saturation. 
The concentration was then brought to an equilibrium, after cooling to room 
temperature, by frequent shaking; the supernatant saturated liquid was then 
separated from the crystals after standing overnight. Owing to the reevapora- 
tion of the solutions, the exact (chemical composition of the mixture used was not 
accurately known, and successive batches proved to have slightly different 
viscosities. This did not affect the accuracy of the measurements, as the vis- 
cosity of each zinc iodide solution remained unchanged throughout each series of 
measurements. The densities of all batches were practically that of the glass 
spheres. No sedimentation of the spheres Avas obscr\^ed during the periods of 
time required for carrying on the measurement in Ostwald viscometers. How- 
ever, as the suspension could be kept under measurement in a Couette apparatus 
for a long period of time, some changes in concentration due to sedimentation 
were detected which were allowed for. 

After standing overnight, the majority of the spheres sank to the bottom of 
the viscometer but some spheres floated to the surface. This was a very sensi- 
tive test that the density of the liquid was very slightly less than the average 
density of the spheres. As the concentrations by volume of the suspensions in 
the viscometer were calculated from the weight of the spheres added into the vis- 
cometer, from the average density of the spheres, and from the volume of the 
viscometers which Avas accurately determined, the density of the liquid does not 
enter into the calculation, and does not need to be known accurately. 

4. OSTWALD viscometp:rs 

Two standard U-tube Ostwald viscometers No. 3 and No. 4, described by 
the British Standards Institution (2), were used. To supydement the measure- 
ments, a third viscometer of a Couette type was used. Details of the dimensions 
of the Ostwald viscometers are given below. 

Vucomeier No. S: Radius of the capillary = 0. 115 cm. Volume V = 
28.15 cm.*"^ up to the filling mark. Reduction formula, including kinet ic-energy 
correction : r = 0.482f — 7//, where v is the kinematic viscosity in centistokes and 
t is the time of efflux in seconds. 

Viscometer No. 4- Radius of the capillary = 0.19 cm. Volume V == 
44.0 cm.^ Reduction formula including kinetic-emergy correction: r = 1.940^ — 
llA/t. 

The viscometers were handled and calibrated as described in the British Stand- 
ards Institution pamphlet, but the methods of protecting the liquid against mois- 
ture, filling the viscometer, driving the suspension in the upper bulb, stirring the 
suspension, and adjusting the level of the liquid were sufficiently novel to Avarrant 
description (see figure 1). 
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The viscometer, placed in a constant-temperature bath maintained at 20®(\ db 
0 . 1 ° has attached to its shorter tube (A) a mixing vessel (Mj to which is attached 
a drying tube (D) very loosely packed with calcium chloride. The longer tube 
(H) of the vis(jometer is connected to the supply of compressed air by means of a 
drying tube (10) filled also with calcium chloride. Between the tube H and the 
vessel E is an opening (F), through which the stream of air passing slowly through 
the drying vessel E normally escapes into the atmosphere. If the opening F is 



Fig. 1. Arrangement for protecting the liquid against moisture and for filling, stirring, 
and adjusting the level of the liquid in an Ostwald viscometer (not to scale). 

closed by a finger, the air cannot escape and the resulting pressure drives the 
liquid from the low<*r bulb into the upper l)ulb of the viscometer, until th(‘ licpud 
reaches above \lw mark B. By releasing the finger from the opening F, the pres- 
sures is immediately relie^Td and the liepiid streams through the capillary by 
gravity from thc^ upper bulb of the viscometer past the marks B and when the 
time-measuring stopwatch is released and stoppc'd, till it comes again to I’ost 
(level with the filling mark G). If it is desired to stir the content of the viscome- 
ter, then the vent F is kept closed as long as stirring is desired. The content of 



304 


VLADIMIR VAND 


the viscometer is thus driven into the mixing vessel M, and the air bubbling 
through the liquid causes a thorough agitation of the contents. The viscometer 
is then ready for a measurement. If there is an excess of liquid in the viscometer, 
the level can be brought accurately to the mark G, but not below, by means of a 
pipetting arrangement, which is permanently built in the apparatus. This con- 
sists of a fine capillary (K) reaching down exactly to the mark G. This capillary 
communicates by a narrow tube with a graduated measuring vessel (L), in which 
any excess of liquid can be drained off by opening a pinch clamp (P) and apply- 
ing a vacuum to the vessel L. Over the end of the capillary K was slipped a 
small sieve (S) rolled out of a very fine copper gauze through which the spheres 
did not pass, so that only the zinc iodide solution was drained off, the amount of 
the added glass spheres remaining unaltered. The procedure of measurements 
was as follows: The viscometer was filled by removing the drying vessel D, 
inserting a long-stemmed funnel through the mixing vessel M, and pouring zinc 
iodide solution through the funnel. The drying vessel D was then replaced and 
the excess of the solution was pipetted off into the vessel L, until level with the 
mark G. The viscosity of the pure solution was then measured several times. 
Then a small weighed amount of glass spheres was added through the dry long- 
stemmed funnel and vessel M, the liquid driven in the vessel M and thoroughly 
stirred together with the spheres. The resulting suspension increased in volume 
by the volume of the spheres and the corresponding volume of the pure zinc iodide 
solution was then pipetted off, so that as a result the glass spheres were added to 
a constant volume, defined by the mark G. Several (usually twelve) determina- 
tions of the time of flow were then made, six determinations with stirring, six 
without stirring the content by bubbling, and mean values taken. A further 
small amount of glass spheres was then added, and the procedure repeated. 
The concentration was so increased from zero by increments of about 2-3 per 
cent, until a concentration was reached at which measurements of viscosity in 
a given instrument were no more practicable. In order to avoid cumulative 
errors on weighing, the spheres were added from a weighing bottle, and the bottle 
was weighed when full and after each addition of the spheres. The difference 
of the weight from its initial value when full indicated the amount of the spheres 
present at any time in the viscometer without any cumulative error of weighing. 

5. MEASUREMENTS FROM OSTWALD VISCOMETERS 

The results of measurements are presented in the following tables. In tables 
I and 2 are given in the first, second, and third columns the uncorrected concen- 
trations, times of efflux, and apparent viscosities of suspensions corrected only 
for kinetic energy. In the fourth column is given the corrected concentration 
in the capillary of the instrument. 

In order to obtain this, the following corrections were applied: First the con- 
centration was corrected for unequal drainage of spheres and liquid from the walls 
of the mixing vessel M and the top part of the viscometer, as some spheres remain 
clinging on the walls after emptying of the vessel, whereas the liquid tends to 
run down along the walls in the bulb of the viscometer, thus decreasing the real 
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TABLE 1 


Viscosity measurement on suspensions of glass spheres in standard Ostwald viscometer No. 3 


UMCOKSECTED VOlr 
VUE CONCENTRA- 
TION 

TINE 

OBSERVED KINE- 
MATIC VISCOSITY 

CORRECTED CON- 
CENTRATION IN 
CAPILLARY 

1 — iteNx 

CORREECTED FOR 
WALL EFFECT, 

1- 

per cent 

seconds 

cenUstokes 

per cent 



0 

55.5^1 

26.66 

0 

0.000 

0 

1.742* 

57.93 

27.82 

1.942 

0.042 

0.0541 

4.82 

63.01 

30 27 

5.375 

0.120 

0.1545 

9 00 

69.70 

33.50 

10 035 

0.205 

0.2640 

11.94 

75.96 

36.53 

13 32 

0.270 

0.3478 

16.92 

87.48 

42.07 

18.87 

0.366 

0.4720 

21.00 

100.64 

48.48 

23.42 

0.450 

0.5790 

25.95 

118.87 

57.29 

28.92 

0.535 

0.6890 

31.55 

146 20 

70.50 

35.16 

0.622 

0.8010 

36 30 

186.20 

89.76 

40.45 

0.703 

0.9050 

40.80 

240.52 

116 07 

45.50 

1 0.770 

1 

0.9920 


* Stirred and unstirred suspensions gave identical results. 


TABLE 2 


Viscosity measurement on suspensions of glass spheres in standard Ostwald viscometer No. 4 


UNCORRECTED VOL- 
UME CONCENTRA- 
TION 

TIME 

OBSERVED KINE- 
MATIC V1.SCOSITY 

CORRECTED CON- 
CENTRATION IN 
CAPILLARY 

l“Wn* 

CORRECTED FOR 
WALL EFFECT, 

per cent 

seconds 

centistokes 

per cent 



0 

14.705 

27.86 

0 

0.000 

0.000 

3.055 

15.81 

30.06 

3.260 

0.074 

0.0861 

6.11 

17.16 

32.74 

6.52 

0.148 

0.1722 

9.16 

18.64 

35.67 

9.78 

0.218 

0.254 

12.42 

20.40 

39.16 

13.28 

0.288 

0.335 

15.06 

22.24 

42.79 

16.09 

0.349 

0.406 

18.86 

25,92 

50.01 

20.13 

0.443 

0.516 

22.10 

29,45 

56.96 

23.60 

0.511 

0.594 

26.05 

34.84 

67.52 

27.81 

0.587 

0.683 

29.95 

41.83 

81.23 

31.97 

0.657 

0.764 

32.80 

49.78 

96.62 

35.02 

0 712 

0.828 

35.80 S* 

61.01 

118.61 

38.22 

0.7650 

0,890 

35.80 N 

59.74 

116,00 

38 22 

0.7598 

0.884 

39.08 S 

70.22 

136,5 

41.70 

0.7958 

0.926 

39.08 N 

83,08 

162.0 

41.70 

0.8280 

0.963 

42.75 S 

90.4 

176.0 

45.65 

0 8418 

0 978 

42.75 N 

128.2 

250.0 

45.65 

0.8885 

1.032 

46.80 S 

133.5 

260.0 

1 50.00 

0.8929 

1.038 

46.80 N 

195.0 

1 380.0 

1 

i 50.00 

0.9266 

1.078 


* Stirred, S; unstirred, N. Where not otherwise stated, stirred and unstirred suspensions 


gave identical results. 

concentration in the bull). The amount of the spheres left behind is approxi- 
mately proportional to the concentration, and by diretd, counting of spheres 
clinging to selected areas in the mixer it was found that for 1 per cent suspension 
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there are, on the average, 72.6 spheres clinging per square centimeter of the wall. 
This was also checked by direct weighing of the spheres washed down from the 
walls. As the average volume of each sphere is 1.15 X 10~® cm.®, the area of 
the mixer and viscometer covered by the spheres was 84.3 cm.^ for viscometer 
No. 3 and 94.3 cm.- for viscometer No. 4, and as the volume of viscometer No. 3 
is 28.15 cm.® and the volume of viscometer No. 4 is 44.0 cm.®, the concentration 
is to be multiplied by 0.9750 for viscometer No. 3 and by 0.9821 for viscometer 
No. 4. 

The second correction to be applied is that of the general increase of concen- 
tration in a vessel filled with spheres due to the absence of sphere centers in a 
layer along the walls of a thickness equal to the radius of spheres. The concen- 
tration is to be multiplied by V/{V — *8a), where V is the average volume of the 
suspension in the upper bulb of the viscometer, S is the average surface of the 
upper bulb, and a is the radius of the spheres. Both volume and surface occu- 
pied by the suspension vary as the viscometer is emptying. By assuming that 
the average volume and surface is that when the upper bulb is half-filled, we 
obtain: 


For viscometer No. 3: F == 8 cm.®, H = 20.7 cm.^ 

For viscometer No. 4: F = 13 cm.®, = 28.3 cm.^ 

It is thus necessary to multiply further the concentration by 1.0171 for vis- 
cometer No. 3 and by 1 .0144 for viscometer No. 4. 

The third correction to be applied is that due to further in(Tease of (joncentra- 
tion of the suspension entering the capillary, owing to the radius of the spheres 
being non -negligible compared with the radius of the capillary. The concen- 
tration is to be further multiplied by 1/(1 — a/R)-. As the radius of the capil- 
lary of the viscometer No. 3 is Rs = 0.115 cm., and of the viscometer No. 4 is 
R/i = 0.19 cm., we obtain that it is necessary to multiply further the concentra- 
tion entering the capillary by 1.1234 for viscometer No. 3 and by 1.0721 for 
viscometer No. 4. 

Carrying all the three multiplications we obtain finally that the concenlrat ions 
obtained by weighing should be multiplied for viscometer No. 3 by 1.1140 and 
for viscometer No. 4 by 1 .0680, in order to obtain the concentration in the capil- 
lary on which the viscosity measurements are actually performed. The cor- 
rected concentrations are given in the fourth columns of tables 1 and 2. In the 
fifth columns are given the values of 1 — vo/vz and 1 — vo/vh where rjo is the 
viscosity of the pure zinc iodide solution, and 773 and tja are the viscosities observed 
in the viscometers No. 3 and No. 4 uncorrected for wall effect. It is permissible 
to replace ratios of kinematic viscosities by the ratios of dynamic viscosities if 
the suspension does not change density on increase of concentration. 

6. COUETTE VISCOMETER 

In order to provide an independent check on the results obtained with the 
capillary instniments it was also decided to make measurements in a Couette 
apparatus. These measurements, however, require considerably longer time 
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than the measuroments with the Ostwald viscometers, and there is a danger 
that they might be more influenced by various errors; also, the readings of deflec- 
tions are not as accurate as the readings of time of flow. On the other hand, the 
wall effects are much reduced especially at higher concentrations, as the dimen- 
sions of the ( -oiK^tXe apparatus are considerably larger than the dimensions of 
the capillary. Details of the dimensions of the Coueiie viscometer wore: radius 
of inside cylinder Ri = 0.625 cm.; length of inside cylinder = 2.580 cm.; radius 
of outside cylinder = 1.800 cm.; volume V = 50 cm.\ approximately. The 
reduction formula is i? == 0.987c^/aj in poises, where a is the deflection of the 
cylinder in degrees and oj is the velocity of rotation radians per second (calibrated 
by pure glycerol). 

The design of the instrument differed slightly from the conventional instru- 
ments. As it was important that the suspensions of spheres be well stirred in 
order to eliminate errors due to sedimentation, it was decided to build an instru- 
ment with a fixed outer cylinder and a rotating inner cylinder, so that the outer 
cylinder can be connected to a supply of dried compressed air which sciwes for 
stirring purposes. Incidentally, it was found that this arrangement is more 
mechanically stable than if the outer cylinder is rotating, so that the stabilizing 
bearings cenfering the inner cylinder are not necessary; this eliminates trouble- 
some friction and so increases the accuracy of measurements. The viscometer 
arrangement is shown in figure 2. The outer cylinder consisted of a glass ves- 
sel (A) to the bottom of which was attached a glass tube (H) connecting it 
through the drying vessel (H) to a supply of compressed air. This air normally 
escaped through the opening F, but if this was closed by a finger, the air entered 
th(‘ vessel A and mixed the contents by bubbling. The toj) of the vessel A was 
stoppered by a str)pper, bearing a long narrow glass tube (G) and a stoppered 
filling funnel (F), both reaching above the \cxe\ of the constant -temperature bath 
maintained at 2()'^(\ dz O.F. The whole vessel A was immersed in the bath, a 
procedure which ensured more accurate temperatui’e control. The inner (cylin- 
der (C‘) was suspeiuh^d from a pull(\v (P) by mc'ans of a fine wire suspension (S) 
which measun'd the torque exercised on the cylinder by reading the position 
of a dial (D) against, the point, (u- Q. Both the dial and the pointer rotate, the 
dial D being rigidly connected l)y means of a long rod (L) with the inner cylin- 
der (G), the pointer (J being rigidly connected with the pulley P by means of a 
hollow shaft (T) which runs in bearings (B). If the speeds of rotation arc not 
excessive, the reading of the pointer Q against the rotating dial I) is not incon- 
venient. The rod L passes down the glass tube G wit,hout touching it, so that 
the cylinder C is suspended on the wire S (piite freedy. The tube G prevents any 
moist air entering the apparatus, but it allows the excess air to escape. The 
pulley P is driven l)y a fine thn^ad from a variable-speed drive connect/'d to a 
synchronous motor, so that altogether twenty different, s])eeds are available, 
ranging from 0.0344 to 8.750 radians per second, as measured on the pulley P 
by means of a stopwat(ch. 

As there was no accurate mark which could seiwe as an indiccation of the volume 
of the instrument, a different method of preparing the recpiired concentrations 
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was adopted, i.e., the instrument was filled by a known volume of the zinc iodide 
solution, and then small amounts of spheres successively added as required, 
through the filling funnel U. The zinc iodide solution was not withdrawn from 
the instrument after the addition of the spheres. The concentrations were then 
calculated on a basis of a constant volume of the liquid phase. 



Fig. 2. Couette viscometer with an air stirring arrangement (not to scale) 

7. MEASUREMENTS FROM COUETTE VISCOMETER 

The results of measurements are presented in table 3. In the first column is 
given the uncorrected volume concentration obtained by weighing. In the 
second column is given the observed viscosity in poises. Below 40 per cent the 
same values were obtained for stirred as for unstirred suspensions. Above 40 
per cent two values of viscosity are given: the values of concentration followed 
by a letter N refer to unstirred suspensions, the values followed by a letter S 
refer to suspensions immediately after air stirring. It was soon found that the 
stirring has a profound influence on the viscosity at concentrations above 40 
per cent. The influence could be easily studied, as it was not necessary to stop 
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the rotation of the instrument in order to stir its contents. The viscosity after 
stirring was greater than normal, the deflection decreasing with time exponen- 
tially to its normal value. After reaching the minimum, the deflection started 
again to increase slowly owing to sedimentation. As this increase was linear 
with time, the measurements could be corrected for this component. It was 
usual to plot the logarithm of the deflection corresponding to the unstirred sus- 
pension, corrected for sedimentation, against logarithm of the velocity of angular 
rotation of the cylinder. For a given concentration, a straight line resulted 
whose slope below concentrations of 47 per cent was unity, but above this con- 
centration the slope appears to increase with increased concentration, i.e., the 


TABLE 3 

Viscosity measurement on suspensions of glass spheres in a Couette viscometer 
Zinc iodide solution; viscosity = 69.8 centipoises 


trNCOnECTF.D VOLUMK 
CONCENTSATION 

OBSEBVED VISCOSITY 

COBBECTED CONCEN- 
TBATION 


COBBECTED 

I — na/ri 

per cent 

poises 

per cent 



35.0 

3.59 

35.5 

0.8059 

0.827 

36.6 

4.23 

37.1 

0.835 

0.857 

37.8 1 

5.05 

38.3 

0.862 

0.880 

39.7 N* 

5.78 

40 2 

0.879 

0.901 

39.7 S 

5.92 

40.2 

0.882 

0.906 

44.5 N 

1 8.50 

45.1 

0.918 

0.944 

44.6 S 

i 11.00 

45.1 

0.9365 

0 962 

47.0 N 

! 8.77 

47.6 

0 9205 

0.946 

47.0 8 

! 16,20 

47.6 

0.956 

0.982 

49.3 N 

13.44 

50.0 

0.9480 

0 974 

49.3 8 

I 26.01 

50.0 

0.972 

0.998 

61.3 N 

24.12 i 

52 0 

0.9710 

0.997 

51.3 8 

' 43.00 

52.0 

0.984 ! 

1.011 

63.4 N 

25.75 

54.1 

0.9728 

1 0.998 

63.4 8 i 

58.00 

54,1 

1 0.988 

1 1.015 


* Stirred, S; unstirred, N, Where not otherwise stated, stirred and un.stirrod suspen- 
sions gav(5 identical results. 


suspension starts behaving as a non-Xewdonian liquid. Above concentrations 
of 50 per cent, the increase of deflection with concentration is comparatively 
small. This was due to slipping of the cylinder in the suspension. The correc- 
tions for slipping then appear to be larger than the values to be measured, hence 
measurements on suspensions having concentrations above 53.4 per cent have 
been discontinued, and their behavior observed qualitatively only. In order 
to measure viscosities above this concentration, either a much larger instrument 
or much smaller glass spheres would be necessary. 

On increasing the concentration further, it was observ^ed that the suspensions 
acquire a definite yield value, i.e., retain the shape to which they have been 
worked, and the rotating cylinder simply makes a hole in the suspension, in which 
it freely rotates and the deflection drops to zero. On further increase of conceii- 
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tration the suspension finally draws air into the vacant interstices between the 
spheres, and the system is now composed of three components; glass spheres, air 
bubbles, and liquid. The behavior of such a system is, of course, more com- 
plicated oAving to the surface-tension forces at the air-liquid interfaces which 
give to the system a considerable rigidity. At the end of the concentration series 
we have finally dry spheres, which are in reality a two-component system of 
glass and air. Their behavior is determined by the coefficient of friction of glass 
on glass in air. 

The following corrections were applied: The concentration increase due to 
the presence of the walls was calculated from the average volume of the vis- 
cometer and from the total surface of the walls. Both quantities varied slightly 
as the concentration was increased, but this change was neglected and it was 
taken for the average volume F = 50 cm.® and for the total surfaces *S = 100 cm.®, 
which gives as a result that in order to obtain the corrected concentration, the 
concentration obtained by weighing is to be multiplied by 1.013. The corrected 
concentration is given in th(' third column of table 3. In the fourth column are 
given the values of 1 — vo/vc, where 7)0 = 0.098 poise is the viscosity of the solu- 
tion used, and rje is the viscosity of the suspension as observed. 

8. EVALUATION OP THE WALL EFFECT 

By comparing the results obtained from different instruments, it is evident 
that the uncorrected values of the relative viscosities do not agree with each other, 
and that the application of the corrections for the wall effect is necessary. 

According to theory, the wall effect can be accounted for by assuming that 
along each wall of the instrument there is a layer of a thickness D which has 
a viscosity of a pure liquid. 

Solving the usual equations for a flow of liquid through a capillary and for a 
Couette apparatus under the assumption of a layer at the wall of lower viscosity, 
we obtain 

Vo/v — 1 = Hx(7)oIVx -I) (3) 

where 170 is the viscosity of the pure liquid in the layer at the wall, 77, is the 
“viscosity^’ observed in the instrument x, 77 is the true viscosity of the suspension, 
and Hx is a correction constant for slip in the instrument x, which for a capillary 
of a radius Rx is 

= (1 - D/Rr)-* (4) 

and for a Couette apparatus 

(1 + D/Rr^l - D/R,f 

rr- 2X>)7(R*- K,) 

where T) is the thickness of the layer of viscosity rjo, Ri is the radius of the inner 
cylinder, and Rt is the radius of the outer cylinder of the Couette apparatus. 

If D is kno^vn, then for each apparatus it is possible to calculate the slip con- 
stant H, and then the true viscosity ri of the suspension can be calculated from 
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the viscosity observed by means of equation 3. If the thickness of the layer D 
of the lower viscosity is not known, it is possible to determine it from measure- 
ments in two or more viscometers of different dimensions. 

From theoretical consideration it was found that I) — 1.3()la. However, it 
was thought better to calculate the thickness D of the layer of low viscosity 
from the measurements, and to compare it with its theoretical value. 

The following procedure was adopted: The values of 1 — rjo/vz of the three 
instruments were plotted against the corrected concentrations. Smooth (curves 
were drawn through the points, and the values corresponding to concentrations 
of 5 per cent, 10 per cent, otc, given in the first column of table 4 were read off 
the curves and tabulated in the second, third, and fourth columns. 


TABLE 4 

Inter pointed ralnea of atirred ffvspensions 


CORKECTED 

CONCENTRATION 

1 — ria/rii 

1 

1 ~ W*J4 

1 

1 — Wnc 


m/Uc 

lUflJc 

per cent 

1 






5 

0 105 

0 114 i 


1.085 



10 

0 205 1 

0 223 


1 088 



15 

0 300 i 

0 328 

j 

' 1 092 



20 

0 392 1 

0.438 

1 

1 

1 1.118 ] 



25 

0 175 ' 

0 531 


j 1 122 ! 



30 

0 552 j 

0 622 


1 1 126 1 



35 

0 622 j 

0 710 

0 794 

1 1.140 

1.275 

1 118 

40 

0 700 ; 

0 8(K) 

! 0 881 

! 1 . 142 

! 1 261 

1.101 

45 1 

1 0 764 I 

0 875 

0 935 

1.145 i 

i 1 223 1 

1 071 


For a given concentration it is possible to calculate the ratios Hg/Hy from the 
equation, following from ecjuation 3: 

HJHy = J (0) 
1 — wrix 

The three sets of values of IIx/Hy are given in the fifth, sixth, and seventh 
columns of table 4. From these values the thickness D of the layer can be 
calculated from the following equations: 

For a comparison of two Ostwald viscometers: 

= (J - - D/Rs) (7) 


obtained from equation 4. 

For a comparison of an Ostwald and a Oouette viscometer (approximate 
formula) : 

_ I - ^8) 

1 / 2 (R 2 - Ri) -f («2 - Ri)/2RiR 2 - {HJHoY'VRz 

The resulting fifteen values of the thickness of the layer D are given in table 5. 
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Taking all these values as having the same weight, their mean value and probable 
error of the arithmetic mean was found to be D = 7.04 X 10“* =b 0.27 X 10“^ cm. 
If we compare this with the radius of the spheres a =* 6.5 X 10*"® cm., we obtain 
D = 1.08a, which is slightly less than the theoretical value of Z) = 1.301a. 
Remembering all the approximations introduced in the theoretical calculations, 
the agreement of the theory with the experiment seems to be thus quite satis- 
factory. 

9. DISCUSSION OF THE EXPERIMENTAL RESULTS 
Having found the value of D it is now possible to correct the viscosities for the 
wall effect. The experimental value of D = 7.04 X 10“® cm. was used for the 
reduction. The values of Hx were now calculated for the three instruments 
using equations 4 and 5: Hz ^ 1.288, == 1.163, and He =» 1.027. These 

values were used for calculating the corrected 1 — 770/17 as given in the last 


TABLE 5 

Calculated valuer of D from Hx/Hy 


COBXfiCTED COMCENIKATION 

D nou Bi/Hk 

D FBOIC Hi/Hc 

D FKOlf He/He 

per cent \ 




5 

5.69 X 10-' 



10 

5.87 X 10-'® 



15 

6.11 X 10’ 



20 

7.69 X 10“® 



25 

7.92 X 10~® 



30 

8.14 X 10-'® 



35 

8.94 X 10 ® 

7.55 X 10“® 

6.37 X 10-® 

40 

9.07 X 10 ■® 

7.20 X 10-® 

5.50 X 10-® 

45 

9.20 X 10-® 

5.30 X 10-® 

3.92 X 10-® 


Mean value of 7) — 7.04 X 10"^ 0.27 X 10^® cm. 


columns of tables 1, 2, and 3. By plotting 1 — 770/77 against concentration, it 
can be demonstrated that all three sets of viscosities closely agree with each 
other up to concentrations of 45 per cent, i.e., nearly over the whole range of 
concentrations over which the suspensions behave as true liquids. It is now 
possible to read off the values of viscosities for various concentrations from the 
curve, and these for values increasing by 5 per cent are given in table G, which 
represents the final result of the measurements in the three instruments. In 
the first column is given the concentration, in the second column the relative 
fluidity l/77r of the suspensions, in the third column its reciprocal, or relative 
viscosity, and in the fourth column the value of (1 — 7io/ri)/c, the limit of which 
towards zero concentrations should be 2.5 according to theory. 

Now we are in a position to express the above results as an empirical power 
series, as in this form we shall be able to compare the theoretical results with the 
experiment. By analyzing the fourth column of table 6, it is easy to derive that 
it satisfies the following power series, as can be seen in the last column of table 0: 

(1 - 770/77) /r = 2.5 + 0.92c - 4.0c2 (9) 
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which can be written as: 


Vr -- I + 2.5c + 7.\7c^ + 10.2c* + • • • (10) 

The accuracy of the coefficients of the higher-power terms, of course, rapidly 
decreases as the power is increased, and their numerical values arc also influenced 
by the accuracy of the corrections applied to the measurements. 

The experimental results will now be compared with the theory. This can be 
most conveniently done by comparing the second-power terms of equation 2 
with equation 10. The theoretical formula 2, which takes into account the colli- 

TABLE 6 

Final values of viscosities and fluidities of suspensions of spherical particles as a function 

of concentration 


Averaged from the corrected results of the three viscometers 


1 

CONCENTRATION 

C 

\ 

1 

RELATIVE FLUIDITY 
l/»7r 

RELATIVE VISCOSITY 

1 — mh 

^ 1 

(observed) ; 

1 - mh 

c 

(calculated from 

EQUATION 9) 

per cent 1 

0 

1.000 

1.000 

(2.50) 

2.500 

5 ! 

0 873 

1.115 

2.54 

2.536 

10 1 

0.745 

1 342 

2 55 

2.552 

15 

0,617 , 

1.621 

2.55 

2.548 

20 

0.494 

2.024 

2.53 

2.524 

25 

0 380 

2.632 

2.48 

2.480 

30 

0.275 

3.636 

2.41 

2.416 

35 

0.180 

5.556 

2.34 

2 332 

40 N 

0.095 

10.53 j 

2.26 

2 228 

40 S 

0.085 , 

11.77 

2.28 

2.228 

45 N 

0.055 1 

18.18 

2.10 

2.104 

45 S 

0,030 

33.33 

2.16 

2 104 

60 N 

0.030 

33.33 

1.94 

1.960 

508 

‘ 0 005 

200.00 

1 

1.99 

1.960 


sions, gives a value 7.349, which is only about 2.5 per cent more than the experi- 
mental value of 7.17. This is well within experimental error. 

We can thus conclude that the agreement of the theory with experiment on 
rigid spheres is very good up to the second-power terms, i.e., as far as the theory 
was developed. 


SUMMARY 

The viscosity of suspensions of rigid spheres was measured in a range of con- 
centrations 0~50 per cent. Glass spheres having an average radius of 0.()()t)5 cm. 
suspended in zinc iodide solution were used, and the measurements were corrected 
for wall effects. The results were compared with a theoretical formula ; the agree- 
ment is satisfactory. 
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1. INTRODIK TION 


In a previous paper (7) the author derived a theoretical formula for the rela- 
tive viscosity rjr of a suspension believed to be valid up to second-power terms: 


log« = 


kic + r2(/o2 
1 


- A;x)c^ + • 

— Qc 


( 1 ) 


where c is the volume concentration of the particles of the suspension. The 
following values of the constants were derived from theory for rigid spheres with- 
out mutual forces and without Brownian movement: 


Shape factor of single spheres ki ~ 2.5 

Shape factor of collision doublets kz — 3.175 

Collision time constant r 2 ~ 4 

Hydrodynamic interaction constant Q « 0.609 


The object of this paper is to apply equation 1 after certain modifications to 
solutions of simpler molecules such as those of sucrose. 

According to Jaeger (4), Stokeses resistance law holds for small ions in water, 
which means that the hydrodynamic laws are still valid with fair approximation 
for molecular dimensions. It is thus to be expected that for solutions of larger 
molecules the numerical values of the constants in equation 1 would be approxi- 
mately the same as for large particles, with the exception of the collision con- 
stant r 2 , which probably is modified by the presence of strong Bro^vnian motion. 
The magnitude of r 2 indicates the proportion of time spent by particles in a col- 
lision, and this time will probably be (a) shortened for particles of molecular 
size due to Brownian motion, (h) shortened for particles with repulsive forces, 
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and (c) lengthened for particles with attractive forces. If the particles are not 
spherical, the shape factors would be modified according to the average shape of 
single molecules, collision doublets, triplets etc. The values of the shape factor 
ki for elliptical and rod-like particles for weak and strong Brownian motion have 
been calculated (see, for example. Burgers (2)), and the shape factors of higher 
orders can be estimated. Finally, the solvation of the molecules and the varia- 
tion of solvation with concentration is to be taken into account, and will be dis- 
cussed in more detail. 


2. THEORY OF HYDRATION 

In equation 1 c is the volume concentration of the suspended particles, so that 
if the particles are solvated, the \'olum(* of the solvation envelopes is to be in- 
cluded in c. Thus 


c = ha (2) 

where .s is the concentration by volume of the solute without hydration envelopes 
and h is the hydration constant, which is unity if there is no hydration. This 
constant depemds in general on concentration and temperature. 

It is evident that in order to apply cciuation I to solutions, viscosity must be 
known as a function of the volume concentration c. However, the volume 
concentration is not directly accessible to measurement ; the only measurable quan- 
tities are the w(‘ight concentration (IF) of the solute, the density (D) of the solu- 
tion, and the density (Do) of the pure solvent. If the density (Du) of the hydra- 
tion envelope differs from />o, there is a change of volume on mixing. From 
simple considerations of volumes liefore and after mixing, the following relations 
are obtained: 

DsS = X (3) 

Dq + (h — l)*(Do — Dff) = Dgj/ (4) 

where Ds is the density of each particle of the solute (hydration envelope ex- 
cluded), which can be assumed to be independent of IF, and where 

X = DW (5) 

y = 1 -- (Z) - Do)/DW (6) 

are both observable quantities. 

The hydration envelope can be regarded as consisting of water molecules held 
to the molecule of the solute by certain binding forces, as a result of which an 
activation energy E is to be overcome by the molecules leaving the envelope. 
In equilibrium, the average number of molecules entering the envelope must be 
equal to the number leaving the envelope. The number of molecules entering 
would be proportional to the following factors: (a) the surface area of the 
envelope, which is approximately proportional to (as h is proportional to the 
volume of the hydrated particles) ; (b) the concentration of the water molecules 
round the envelope, which is proportional to (1 — hs) and which also varies 
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slightly with temperature; (c) the velocity of the incoming molecules, which 
would depend on the absolute temperature T. For a perfect gas it would be 
proportional to but for liquids we must consider also other factors, such 
as variation of free volume etc., so that we may summarize the influence of tem- 
perature in a term T”*, where m = J for a perfect gas but may have a different 
value for liquids. 

The number of molecules leaving the envelope would be proportional to: 
(a) the number of water molecules in the hydration envelope, proportional to 
— 1) ; (6) the relative number of water molecules, the thermal energy of which 
is greater than the activation energy JS?, which is necessary for leaving the en- 
velope. This is proportional to exp (—E/kT). The dependence of h on s and 
T is thus: 


h;^\l - hs)T-^ = K{h ~ 1) exp i-E/kT) (7) 


where if is a proportionality constant. 
If T is constant, 


- hs) 
h - 1 


hr 


Ao — 1 


( 8 ) 


where ho is the hydration at infinite dilution, 
power series, we obtain: 


h 


ho 


3hl(ho - 1) 
Ao "i* 2 


Developing equation 8 into a 


+ ••• 


(9) 


Substituting x for s from equation 3 and substituting equation 9 into equation 2, 
we obtain 


c 



3hS(ho-l)^2 , 
i>l(Ao + 2)'^ 


( 10 ) 


which can be substituted into equation 1. 

For practical calculations it is better to rearrange equation 1 in the following 
form: 


. - = go + 91^ + + ••• (11) 

log, rir 

as a plot of a:/log,»?r against x is usually nearly a straight line, so that determina- 
tion of terms go, gj, etc. does not present difficulties. The following relations 
are then valid: 

go = D,/hoki (12) 


kiQi = 


3(h» - 1) 

hoQio -f- 2) 


rj(A:a — ki) 

h 


- Q 


(13) 


etc. The numerical values of these terms can then be compared with theory. 
For this purpose, the density of the solute particles, D„ is to be known. It is 
to be expected that its value is of the same magnitude as the density of the pure 
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solute in the solid state. It can be, however, obtained from considering the vari- 
ation of y with X. 

Assuming the density Dh of the hydration envelope to be independent of h 
and differentiating equation 4, we obtain: 


As 


Ds^{dy/<\}i) = Do - Dh 


dy _ /dy\ /dx\ (ds\ 
dh \da:/ \d5/ \dh/ 

and as for a: = 0, using equations 3 and 9, 



then, substituting in equation 14, we obtain 


Ao + 2 

3m - ho) 


(14) 


3hl(l -Tio) 


Do — Dii 


Substituting equation 15 in equation 4, we obtain 


(15) 


I A y'o + D,yo - (IG) 

where yo and yo are values of y and its first derivative for a: = 0, which can be 
determined from the experimental measurements of the densities D at different 
weight concentrations W, and which thus can be regarded as known. 

By substituting for ho from equation 12 we finally obtain an equation for D,: 


3Do — 2?/oA;i(/o 

3yo + yohqo 


( 17 ) 


Once Ds is calculated from equation 17, it can be used to calculate ho from 
equation 12, provided the value of ki can be assumed to be known from theory. 
It is then valuable to consider the variation of ho with temperature, as this gives 
the value of the activation energy E from equation 7. The value of Dh can be 
calculated from equation 15. Finally, 7’2 can be calculated from equation 13, 
provided Qi, /ci, and are assumed to be known from theory. 

The viscosity data combined with the density data thus give us an important 
insight into the mechanism of the hydration. 


3 . DISCUSSION OF THE VISCOSITY OF SUGAR SOLUTIONS 

In order to provide a practical example of application of the results obtained 
in previous paragraphs, aqueous sucrose solutions will be discussed, as they 
provide a system the viscosity and density of which are very well known. 

Sucrose has a formula Ci2H220n, containing one pyranose and one furanose 
ring (Fleury and Courtois (3)). The space occupied by a molecule can be esti- 
mated from x-ray crystal data: the unit cell is monoclinic with a — 10.65 A., 
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b = 8.70 A., c = 8.00 A,, = ]05°44', containing two molecules per unit cell; 

the calculated density is 1.57. Assuming that the long axis of the molecule is 
along the a edge, the cross-section of the space occupied by one molecule is 
33.() A?, whereas the length is 10.65 A. This can be fitted by a rotation ellipsoid 
of the axial ratio of a/h = 1 .84. The shape factor of such an ellipsoid is ki = 2.57 
(Burgers (2)). Its variation on hydration can be neglected. 

The calculations are given in tables 1 and 2, together with all the necessary 
measurements. The temperature is given in the first column of the tables. In 
the second column of table 1 are given concentrations by weight, IT, at which 
the viscosities were measured. The viscosities were taken from measurements 
of Bingham and Jackson (1) (kinetic-energy corrections applied), and are given 
in the third column. One value for W = 0.2 at 100X\ was interpolated. In 
the fourth column are given the densities D of the solutions, taken from the tables 
of Landolt-Bornstein (5). As these data are not given for 80°C. and 100‘^C'., 
the values were extrapolated from the densities at lower temperatures by assum- 
ing constant second difTeren(*es, which is sufficient for our purposes. The results 
derived from these figures are however, less reliable. 

From the densities, x and y were calculated and x/loge Vr tabulated in the last 
column. From the graph of .r as a function of y, the values of yo and y'o were 
obtained and tabulated in table 2; the graph proved to be nearly a straight line, 
indicating thus approximate constancy of y\ Then the values of I), were calcu- 
lated from equation 17, using qo obtained by analj^zing the values of .r/loge Vr 
as a function of x\ It should be noted that the values of so obtained are very 
near to the density of 1.57 of solid sugar, Avhich might be useful to bear in mind 
for systems the density data of which are insufficiently known. 

Assuming now ki = 2.57, the values of ho were calculated from eciuation 12. 
It should be noted that they decrease rapidly with increasing temperature. 
By assuming Q = 0,6, = 3.175 to be approximately the same as for rigid 

spheres for lack of better values, the value of was calculated from equation 13. 
Finally, Dh was calculated from equation 14. It is convenient to express the 
amount of hydration as an average number H of water molecules present in a 
hydration envelope of one molecule of sucrose. It is given by a relation 

// = (/i - 

where A/, = 342 is the molecular weight of suc.rose and Mu = 18 is the molecular 
weight of water. Substituting values ho at infinite dilution, corresponding values 
of Ho were calculated and arc given in the last column of table 2. 

The next step \vas to analyze the values of ho as a function of temperature, in 
order to determine the activation energy E of ecpiation 7. As the value of m 
is not known and as this term has very little influence on E, it was assumed that 
m is zero, and the values of log [ho^/iho — 1)] were plotted against 1 /T. It was 
found that an approximately linear relation holds, the values obeying an 
equation : 
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TABLE 1 


Application of the theory to aqueoua sucrose solutions 


TEMPERATURE 

ir 

nr 

D 

X 

X 

log« nr 

*c. 






0 

0 

1 

0.99987 

0 


" i 

0 2 

2.127 

1.08546 

0 2171 

0.2877 

0 ! 

0.4 

8.258 

1 . 18349 

0.1734 

0.2242 

0 

0.6 j 

133.1 

1.29560 

0.7774 

0 . 15 S 9 

20 

0 

1 

0 99823 

0 


20 

0 2 

1.051 

1 08096 

0.2162 

0.3235 

20 

0 4 i 

6.171 

1.17645 

0.4706 

0.2586 

20 

0.6 

56.50 

1 28646 

0.7719 

0.1913 

40 

0 

1 

0.99232 

0 


40 

0 2 

1 822 

1 07366 

0.2117 

0.3579 

40 

0.4 

4.984 

1 16759 

0 4670 

0.2907 

40 

0.6 

32.57 

1 27615 

0.7657 

0.2198 

60 

0 

1 

0 98330 

0 


60 

0.2 

1 718 

1 06358 

0.2127 

0.3929 

60 

0.4 

4.215 

1.15693 

0 4628 

0 3217 

60 

0.6 

1 

20.92 

1 .26468 

0 7588 

0 2^196 

80 

j 1 

0 

1 

0 97183 

0 


80 

0,2 

1.659 

1 . 0506 * 

0 2101 

0.4152 

80 

0.4 

3.752 

1 1445 * 

0.4578 

0.3162 

80 

0 6 

15.19 

1 . 2520 * 

0.7512 

0.2761 

100 

0 

1 

0 95838 

0 


100 

0.2 

i.oiot 

1 . 0350 * 

0.2070 

0.4349 

100 

0.4 

3.405 

1 1 . 1302 * 

0.4521 

0 3690 

100 

0 6 

1 11.83 

1 . 2381 * 

0.7428 

0.3006 


* Extrapolated, 
t Interpolated. 


TABLE 2 


Calculated constants of aqueous sucrose solutions 
Assumed: ki = 2.57, Q = 0.6, h == 3.175 


TEMPER' 

ATURE 

>'o 

< 

D, 

(la 

—Qi 

< 2 * 

Ao 

fi 

Djj 

Hn 

® c . 

0 

0.6000 

0.0250 

1.624 

0.347 

0 288 

0 059 

1.818 

2 098 

1 102 

10.54 

20 

0.6134 

0 0175 

1 594 

0.384 

0.295 

0 057 

1.613 

2 007 

1.086 

7.93 

40 

0.6174 

0.0160 

1.572 

0.420 ; 

0.302 ! 

0.052 

1 456 

1.902 

1.092 

6.02 

60 

0 6195 

0.0130 

1.555 

0.461 

0 336 

0.076 

1.312 

2.033 

1.094 

4.17 

80 

0 . 622 * 

0 . 008 * 

1 541 

0.481 

0.327 

1 0.073 

1.247 

1 803 

1.055 

3.21 

100 

0 . 625 * 

0 . 004 * 

1.522 

0 497 

0.311 

0.063 

1.193 

1.480 

1,009 

2.43 


* Extrapolated. 
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From this it follows that £ « 1.79 X 10“^* ergs == 2.58 kg.-cal. per mole. Paul- 
ing (6) gives for the hydrogen bond in ice a value of 4.5 kg.-cal. per mole. The 
forces in the hydration envelope thus seem to be smaller than those found in a 
hydrogen bond of ice, but they are of the right order of magnitude for a weaker 
type of a hydrogen bond. 


CONCLUSIONS 

1. It was assumed that sucrose molecules behave in solution as a suspension of 
rigid particles resembling ellipsoids of axial ratio 1.84, having shape factors 
k\ = 2.57, ^2 = 3.175, and hydrodynamic interaction constant Q ~ 0.6, found 
from the theory of viscosity of suspensions. 

2. From these data, the collision time constant r 2 \vas calculated. It de- 
creases from 2.098 at 0®C. to 1.489 at 100°C. It is considerably smaller than 
the theoretical value r 2 = 4 found for rigid spheres without mutual forces and 
without Brownian motion. This can be qualitatively explained as the decrease 
of the collision time owing to a strong Brownian motion; the decrease is more 
marked at higher temperatures, where the Brownian motion is stronger. 

3. The density of the sucrose molecules in solution without hydration en- 
velopes was found to decrease from 1 .624 to 1 .522 as the temperature is increased, 
a phenomenon similar to a thermal expansion. These values agree \vell with 
the density of solid sucrose, which is 1.57 at 20°C. 

4. The density Du of the hydration envelopes was found to decrease from 1.102 
to 1.009 as the temperature is increased. It is higher than the density of water, 
so that sucrose solutions show a contraction on mixing. 

5. The hydration ho of the sucrose molecules at infinite dilution varies greatly 
with temperature, from 1.818 at 0°C. to 1.193 at 100*^0. If it is expressed as the 
number of molecules of water per molecule of sucrose, it varies from 10.54 mole- 
cules at 0°C. to 2.43 molecules at lOO^C'. 

6. From the variation of hydration with temperature, the activation energy E 
necessary to be overcome in order to allow escape of water molecules from the 
hydration envelope can be calculated. It was found to be 2.58 kg.-cal. per mole, 
which is less than the value for hydrogen bonds in ice, but it is of the expected 
order for hydrogen bonds in a liquid. 

7. As sucrose has eight hydroxyl groups and three other hydrophilic oxygens, 
and as it is probable that the water molecules associate with those groups and 
oxygens by means of hydrogen bonds, and as above 0°C. less than eleven mole- 
cules of water are associated with one molecule of sucrose, it is probable that 
each hydrophilic group attaches to itself no more than one water molecule at 
a time. 


SUMMARY 

The theoretical viscosity formula derived for suspension of rigid particles, 
combined with the density data, is applied to solutions of sucrose. Information 
is thus obtained on hydration, collision constants, and densities of the molecules 
and their hydration envelopes. 
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I 

The link between thermodynamic quantities and reaction rates has been dis- 
cussed by numerous authors ever since the very beginning of modern physical 
chemistry (12, 18, 20). Yet in classical thermodynamics, limited essentially 
to the study of equilibrium states, research work has not led to very satisfactory 
results. 

The theory of absolute rates of reaction, which we owe principally to H. 
Eyring and his school, demonstrates that the value of the kinetic constants of 
an elementary reaction is determined essentially by such thermodynamic quan- 
tities as energy and entropy of activation. On the other hand, these researches 
did not show whether or not any link exists between thermodynamic concepts 
and the value of the over-all reaction rate, a function of the kinetic constants 
and of the concentration. 

To illustrate the point, let us consider the synthesis of hydriodic acid: 

L-h H2^2HI 

The reaction rate is 

r = V — V = ^ 

where and v represent the rates of the two opposite reactions and k and k the 
corresponding kinetic con^ants. 
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The study of the relationship between the over-all rate elose to equilibrium 
and the thermodynamic concepts is the object of the present work. 

This problem can be readily studied by employing the methods of the chemical 
thermodynamics of irreversible phenomena, which we owu principally to Th. 
De Donder (2, 3, 4) and his school (15, 16, 17) and also to Eckart (5), Onsager 
(14), Meixner (13), etc. Let us recall briefly some results which we shall 
need here. 

The presence of irreversible phenomena is characterized thermodynamically 
by a definite positive production of entropy. We can say that irreversible 
phenomena (diffusion, thermal or electric conduction, chemical reactions) 
create entropy but cannot destroy it. In systems at uniform temperature, 
this production of entropy is none other than the non-compensated heat of 
Clausius divided by the absolute temperature. 

Let us limit ourselves to uniform systems (without diffusion) in mechanical 
and thermal equilibrium. The only irreversible phenomenon which we shall 
then have to consider is the chemical reaction. It is proved that the production 
of entropy per unit of time, due to a chemical reaction, is 

Y > 0 (2) 

where v is the rate of the reaction, T the absolute temperature, and A the 
chemical affinity. Th. De Donder has shown that this affinity can be easily 
calculated; for example, from the chemical potentials ixy we have 

A = - VyHy (3) 

y 

where Vy is the stoichiometric coefficient of the constituent y in the reaction. 
Formula 2 gives us directly the fundamental inequality of De Donder: 

Av >0 (4^ 

Affinity and reaction rate have therefore the same sign. At thermodynamic 
equilibrium we have simultaneously: 

A - 0, ?; = 0 (5) 

Let us note that equations 4 and 3 are quite independent of the particular condi- 
tions in which the chemical reaction takes place (e.g., V and T constant or P 
and T constant). 

These relations express an intrinsic connection between reaction rates and 
thermodynamic concepts. Let us examine more closely their kinetic conse- 
quences. 

II 

A reaction rate is a function of different macroscopic variables such as con- 
centration, temperature, and mass of catalyst. Let us call a;i, X 2 • • • xxn these 
different variables. Thus: 


V = v{xi, X2y - • X),^i) 


( 6 ) 
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The affinity A of the reaction is equally a function of some at least of these 
variables. 

A = A{xi, 0*2 • • • a:xu) (7) 

Let us eliminate one of the A^ariables, Xx 4 i for example, between equations G and 
7, from which we obtain: 

V = f(xx • • • .rx, A) (8) 

By virtue of equation 3 the function thus obtained cancels itself out at the same 
time as the affinity A . Thus 

f ( xi , 0*2 •• • .Tx; 0) = 0 (9) 

This holds whatever the values of j-i • • • a;x may be. 

Let us develop / in a power series of the variable A . By virtue of equation 9 
we obtain a linear law between v and A close to equilibrium. 



The angular coefficient 



is generally a iiinction of X variables. If, in the course of different experiments, 
these variables maintain constant values, this angular coefficient will also retain 
a constant value. Lot us also observe that on account of the inequalitj" 4 and 
of equation 10 the angular coefficient (equation 1 1) is positive. 

Let us first show by a simple example that the linear law (equation JO) is 
perfectly in accord with the form which the usual laws of kinetics assume close 
to equilibrium. Let us return again to example 1 . By using relation 3 between 
affinity and the chemical potentials, equation 1 can easily be expressed in the 
form : 

r = 'kCuCu.il - (J2) 

In the case of a perfect gas the chemical potentials are of the form 

M, - + RT log C, 

where depends only on the temperature. By virtue of equation 3 the 

affinity of the reaction (1) takes in that case the form: 

K{T) 

A == RT log 

^l2 ^112 

Ic 

where K{T) = -i-- is the constant of Gulclberg and aage. In using this value 

k 

of affinity, formula 1 immediately takes the form of expression 12, 
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Close to equilibrium we have: 


from which we have 



(13) 


r = (14) 

We thus find again the linear law (equation 10 ). 

We observe besides that the angular coefficient (equation 11 ) has a simple 
physical significance. 

The linear relation (equation 10) has a double aspect. On the one hand, 
owing to its thermodjmamic character, it has an extreme generality. It is 
independent of all hypotheses as to the mechanism of the reaction. Further- 
more, relations of this type are found in all irreversible phenomena. Thus in the 
case of a system at non-uniform temperature a ^‘thermal affinity” can be intro- 
duced, linked to the gradient of temperature. The linear relation between 
affinity and reaction rate is then reduced to Fourier’s classical law. The laws 
of diffusion, viscosity, or thermodiffusion are obtained in an analogous manner. 

On the other hand, formula 10 holds only close to equilibrium. As soon as 
we move away from equilibrium the relation between affinity and rate becomes 
more complex. 


Ill 

The relations which we have obtained are easily extended to the case where 
the system under consideration is the seat of many simultaneous chemical reac- 
tions. The fundamental inequality of De Donder (3), expressing the positive 
production of entropy, becomes 

£ A,v, > 0 (15) 

P 

where Vp is the rate of the reaction and Ap its affinity. At thermodynamic 
equilibrium we have simultaneously 

Ap - 0 ; i^p = 0 (p = 1 . . . r) (16) 

while close to equilibrium we shall have the linear and homogeneous laws be- 
tween affinities and rates: 

^px Ax (17) 

X 

It can easily be showm that the usual kinetic laws lead, close to equilibrium, to 
formula 17. 

In all the simple cases we have moreover ap\ = 0 for p 5 ^ X and relations 17 
are reduced to: 

Vp = appAp 

each rate becoming proportional to its affinity. 


(18) 
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These formulae lead us to several interesting conclusions. To illustrate the 
point let us consider a series of consecutive reactions. For example: 


Miz±N 

P 


(19) 


The rate at which the final product F appears is equal to the rate of the reac- 
tion and will be proportional, by virtue of equation 18, to the affinity Ar- When 
the intermediate product P is unstable, its concentration is difficult to measure 
and the affinity A,j is not generally accessible to calculation. Nevertheless, 
when a (luasi-steady state is established, where all the rates of the consecutive 
reactions become equal, we have: 


V == Vi == t2 — • • * = Vr 
and by virtue of equation 18 

aii/li = 022^2 = • • • = UrrAr 


( 20 ) 

( 21 ) 


from which, representing the total affinity of the reaction by A = Apj 


A 2 At A 

11 1 ^ 1 

011 022 Orr p Qpp 

The rate at which the final product appears becomes thus 


A 



p ®pp 


(22) 


(23) 


Thus the rate becomes proportional to the total affinity .4. In particular, v 
is cancelled out for A = 0, while outside of the quasi-steady system v is cancelled 
out in conformity with equation 18 for Ar = 0 but can be different from zero 
for = 0. 

We can call l/a^p the relative ‘‘reaction resistance*’ to the partial reaction p 
and XIp 1/«pp the “total reaction resistance.” 

When one stage is particularly slow -—for example, that which corresponds 
to the reaction — we have 


Ojj Opp for p ^ j 

and formula 23 is reduced to 

Vr = ajsA (24) 

In other terms, the rate at which the final product appears is governed by the 
total affinity and by the reactional resistance of the rate-determining step 
only. 

A formula, analogous to equation 23, valid for the cooperation between dis- 
solution and diffusion, was established by Fischbeck (16). 
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IV 

In the present work we have verified the validity of linear relations between 
affinities and reaction rates. We have chosen the antagonistic reactions of 
hydrogenation of benzene and of dehydrogenation of cyclohexane, because these 
complex reactions have been the object of detailed kinetic studies in our labora- 
tory (8-11). On the one hand, the experiments consist in the measurement of 
resulting rates of antagonistic reactions under carefully determined conditions 
of temperature and partial pressures, and on the other hand in the measurements 
of constants of equilibrium at different temperatures. A knowledge of the 
constants of Guldberg and Waage are in fact necessary in the calculations of the 
affinities of gaseous mixtures. 

The apparatus, the preparation of the catalysts, and the experimental tecdi- 
nique have been described in previous papers (8). Let us simply recall that 
the experiments were carried out by the flow method. 

The principle of the determination of instantaneous rates of reaction by the 
dynamic method has been established by Herbo (8). If a gaseous mixtuiu of 
hydrogen and benzene of invariable composition but of increasing flow is direc^ted 
towards the chamber of reaction, the yield per hour (that is, the quantity of 
benzene transformed per unit of time) tends asymptotically towards a maximum. 
On the contrary, the rate of transformation (that is, the ratio of benzene trans- 
formed to the quantity transformable when the reaction is complete) tends 
asymptotically towards zero (see also on this subject Damkohler (1)). Let De 
and /)* denote, respectively, the flow of benzene at the entrance and the exit of 
the reaction chamber, and d and v the rate of ti‘ansformation and the yif'ld per 
hour. By definition we have: 

^ — Ds 

--BT 

V = De — hence v = BD^ 

For sufficiently large flows the rate of transformation is inversely proportional 
to the flow Dc Under these conditions, the yield per hour is maximum and 
independent of the flow. Let us show that this yield can be identified with the 
instantaneous rate of the reaction. Let us divide the reaction chamber in our 
minds into elementary volumes. The yield per unit of time in each of these 
volumes increases as the steady concentrations of the reactants come closer to 
the initial concentrations. If the flow of the gaseous mixture is sufficiently large, 
the concentrations of the reactants in the last element of volume are indefinitely 
close to the concentrations in the first element. Under these conditions, the 
sum of the elementary yields is maximum and cannot increase further with the 
flow of the gaseous mixture. It is really a question of initial rate of reaction, 
since the partial pressures of the gaseous constituents are infinitely close to the 
initial partial pressures in the entirety of the reaction chamber. If a mixture 
of hydrogen, benzene, and cyclohexane is directed towards the reaction chamber, 
the maximum yield is a measure of the initial rate resulting from the two antagon- 
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istic reactions (r'). I^et us express this resulting rate in grams of benzene trans- 
formed per unit of time and let us consider it as positive if there is formation of 
benzene and as negative in the opposite case. Thus: 

= Ds - D. 


The affinity A of the gaseous mixture under the same conditions of temperature 
and partial i)rossures is given by the formula: 


.1 = A^7Xlog K + log Po - log I\ -- 3 log 1\) 


where A is the constant of perfect gases in calories mole~^ degree"*^ T is the 
temperature in degrees Kelvin, Ac, Ab, and Ah are the partial pressures in at- 
mospheres of the three c-onstituents of the gaseous mixture, and K is the equilib- 
rium constant of (hildberg and Waage: 


^ (n)e(Ph): 

" {l\). 


(25) 


1'he measun^miaits of K at different temperatures have been made in two 
different ways. In the first series of experiments, we have directed gaseous 
mixtures of hydrogen, benzene, and cyclohexane towards the reaction chamber. 
From one (experiment to another we have modified the temperature of the 
catalyst and we have measured in each case the corresponding maximum yield. 
If the antagonistic reactions are indicated by a formation of benzene (D. > 7)^), 
the yield per hour is positive. If, on the contrary, the reaction of hydrogenation 
outweighs the reaction of dehydrogenation, the hourly yield is negative 
(D., < /)r). The temperature at which the gaseous mixture passes on to the 
catalyst without being transformed is determined by graphic interpolation 
(D, = De)^ It is the temperature at which the initial mixture is in ('(pnlibrium. 
K is calculated by means of equation 25, by taking: 

Ah = (Ah)., Ab = (Ab)., and I\ = (AJ. 


in another series of experiments we have directed towards the catalyst, which 
is kept at a constant temperature, gaseous mixtures of well-known composition. 
From one experiment to another we have systematically modified the proportion 
of the three constituents, and in each case we have measured the corresponding 
maximum yield. This lime, we obtain by graphic interpolation the composition 
of the gaseous mixture in equilibrium at the temperature of the catalyst. These 
two series of determinations have given values for K in agreement with the 
formula of Schultz<' (19) within the range of experimental errors: 


log /V = 


51, 5W 
4.573~A 


20.09 


Tabkis 1 and 2 and figures 1- 6 reproduce some of the results obtained. 

These experimental results show that the linear law between reaction rate and 
affinity is well satisfied in a wide region on both sides of the state ot equilibrium 
of the reaction: 

C^He + 3 H 2 ^ (^6lli2 
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TABLE 1 

Affinity and reaction rate in the system kydrogen-benzene-cyclokexane 


Catalyst: 60% Ni, 25% ZnO, 23% Cr20t (mole per cent). Weight of catalyst: 200 mg. 


PASTIAL PBESSX7RES 

EATXO A/Jt 


TEItnCEATUlES 

Pb 

Pc 

Ph 




aim. 

aim. 

atm. 


grams per hour 

•it. 

0.0242 

0.104 

0.899 

-720 

-29. 

488 


(see figure 1) 


-631 

-21.5 

498 




-274 

-9 

509 




+16 

+1 

523 




+231 

+7 

533 




+403 

+16 

546 

0.0172 

0.252 

0.771 

-188 

-9 

601 


(see figure 2) 


+73 

+1 

513 




+293 

+10.5 

523.5 




+589 

+20 

535 

0.0487 

0.0784 

0.912 

-812 

-32 

497 


(see figure 3) 


-217 

1 -13 

522 




-60 

-4.5 

533 




+172 

+4.5 

544 




+403 

+14.6 

555 




-139 

-7 

529 




-683 

-24 

510 




-812 

-33.5 

497 

0.0977 

0.0262 

0.925 

-1150 

-36 

500 


(see figure 4) 


-686 

-21 

524 




-271 

-11.6 

545 




-85 

-3 

554 




+84 

+1 

561 




+323 

+8 

571 




+526 

+13 

582 
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Fig, 2. Rate of formation of benzene in grams per hour plotted against the ratio of 
affinity to molar gas constant. Second set of data of table 1. 



Fig. 3. Kate of formation of benzene in grams per hour plotted against the ratio of 
affinity to molar gas constant. Third set of data of table 1. 



Fig. 4. Rate of formation of benzene in grams per hour plotted against the ratio of 
affinity to molar gas constant. Fourth set of data of table 1. 

Thus in the case of mixtures having a constant composition but studied at 
different temperatures, the linear law has been verified in an interval of tempera- 
ture of about 100°C. 
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TABLE 2 

Affinity and reaction rate in the system hydrogen-henzene-cyclohexane 


Catalyst: 50% Ni, 10% ZnO, 40% Cr208 (mole per cent) 


WEIGHT OP CATALYST 

PARTIAL PRESSITRES 

RATIO A/R 


T£M[P£RATXniE 

Pb 

Pc 

Ph 

mg. 

atm. 

atm. 

atm. 


grams per hour 

^K. 

176 

0.179 

0.073 

0.792 

-197 

-24 

548 

(see figure 5) 

0.204 

0.048 

0.790 

-323 

-31 



0.051 

0.195 

0.799 

+328 

+32 



0.107 

0.145 

0.796 

+86 

+9 



0.154 

0.097 

0.792 

-92 

-15 



0.128 

0.121 

0.797 

0 

-1 



0.077 

0.017 

0.786 

+227 

+29 



0.179 

0.073 

0.781 

-154 

-21 



0.128 

0.121 

0 782 

+1 

+1 


60 

0.294 

0.024 

0.714 

-690//2 

-8 

563 

(see figure 6) 

0.225 

0.042 

0.765 

0 

-1 



0.100 

0.075 

0.859 

+996 

+11 



0.146 

0.063 

0.825 

+690 j 

+7 
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Let US note that in experiments 5 and 6 the predieijons of the theory are ex- 
ceeded, for the theory reejuires a linear law if one only of the variables is modified 
{cf. Section IT). On the (contrary, in the series of experiments 5 and 6 the values 
of the three partial pressures P\>y and Ph are modified simultaneously. The 
angular coefficient a (equation 11) should vary. In fact a remains constant in a 
wide interval, \vhi(*h shows that the influence exercised on a by the composition 
of the gaseous mixture must be very slight. 

Let us again observe that, the reaction rate being pi-oportional to the over-all 
affinity of tlie succession of consecutive reactions which lead from benzene to 
cyclohexane, we can, by virtue of the developments of Section III, see in this an 
argument in favor of the fact that a (piasi-steady regime is obtained on the surface 
of th(‘ catalyst . 

SUMMARY 

Tlie tluu niodynamics of irreversible phenomena, based mainly on the concept 
of entropy prodiudion, leads to linear and homogeneous relations ))etween affini- 
ties and reaction rates <*lose to e(iiiilibrium. These laws have been verified ex- 
perimentally in the case of the catalytic reaction of the hydrogenation of benzene 
and th(? inviMse reaclion of the dehydi-ogenation of cy(‘lohexane. The method 
used for nu^asuriiig rates is the dynamic method of high flow rates. The domain 
of validity of these laws is discussed. In a (|uasi-steady .slate, particularly simple 
relations are (»stablished. 
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In the course of a series of investigations, now in progress in this laboratory, of 
phase equilibria in systems consisting of pairs of organic compounds (4, 22), our 
attention has been attracted to the distinctly unusual course of those portions of 
the temperature-concentration curves in which the solid phase is crystalline 
carbon tetrachloride. These are noteworthy not only for their steep slopes and 
for their complete lack of the downward concavity usually observed in freezing- 
point curves, but also for the strikingly sharp break, or change in slope, which 
they exhibit at a temperature in the neighborhood of — 48®C. 

Both of these peculiarities have, it is true, been observed previously. Carbon 
tetrachloride has been conspicuous, among the common solvents, for its unusually 
high cryoscopic constant, while the break in its freezing-point curves has been 
commented on especially by Wyatt (23), who has correctly attributed it to a 
transition between the two crystalline modifications of carbon tetrachloride. 
Since, however, up to the present scarcely more than qualitative explanations 
(20) have been offered for these facts, it appeared worth while to attempt a 
quantitative interpretation of the freezing-point data in terms of the theory of 
the ideal solution. Such an interpretation is indeed scarcely possible in the case 
of the system carbon tetrachloride-acetone as described by Wyatt, since his 
data are presented in graphical form only. But for the systems carbon tetra- 
chloride-chloroform (figure 1) as reported by Kanolt (9) and by Sameshima and 
Hiramatsu (15), carbon tetrachloride-carbon disulfide as reported by Timmer- 
mans (20), and carbon tetrachloride-2,6 lutidine (figure 2) as studied in this 
laboratory (22), application of solution theory brings out an interesting con- 
cordance between the experimental data and the temperature-concentration curve 
as calculated from the Schroder-LeChatelier equation, as will be shown below. 

The existence of two solid modifications of carbon tetrachloride was first 
suggested by Tammann as early as 1898 (19) and was again pointed out by 
Goldschmidt (6). McCullough and Phipps (11) characterize the high- and low- 
temperature forms as cubic and monoclinic, respectively, and even suggest, as do 
Johnston and Long (8), the possible usefulness of the transition temperature as a 
fixed point in thermometry. Nevertheless this transition point was overlooked, 
curiously enough, in both of the studies cited above of the carbon tetrachloride- 
chloroform system. 

THE HIGH-TEMPERATURE OR CUBIC MODIFICATION, SOLID I 

Values previously reported in the literature for the melting point of Solid I 
(4, 7, 8, 9, 10, 11, 13, 15, 16, 17, 18, 21, 22, 23) have varied from -21.8® to 

1 Presented at the Midwest Regional Meeting of the American Chemical Society, which 
was held in Kansas City, Missouri, June, 1947. 
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— 24.2°C, Among these the most dependable value, from the standpoint both 
of purity of material and of accuracy of temperature measurement, appears to be 
the recent one of Hicks, Hooley, and Stephenson (7), — 22.9°C. or 250.3°K., 
which we shall use in this discussion. The results of several other very careful 
determinations cluster closely about this figure; the slightly higher values 
obtained in this laboratory (4, 22) are probably to be accounted for in terms of 
the difficulty of accurate calibration of the temperature scale in this region. 

The calorimetric data required for the calculation of the course of the ideal 
temperature-concentration curve with carbon tetrachloride as solid phase are 



Fig. 1. System carbon tetrachloride-chloroform. O, data of Kanolt; 0 , data of 
Sameshima and Iliramatsu. 


available also from several of the researches cited above (7, 8, 10, 18). Again, 
the most reliable value for the heat of fusion of the cubic form appears to be that 
of Hicks, Hooley, and Stephenson, who report it as 601 cal. per mole. When 
this unusually low value is introduced into the familiar equation for the cryo- 
scopic constant 


Kf 


RTlM 

lOOOL/ 


where Tm is the melting point, M the molecular weight, and L/ the molal heat of 
fusion, we obtain, for the limiting ratio of freezing-point depression to molality, 
the remarkably high figure of 31.8. Thus the extremely high slope of the curve 
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in the vicinity of the freezing point — seventeen times as great as in the case 
of water, for example — ^is readily accounted for. 

Furthermore, from the consideration of the integral form of the SchrSder- 
LeChatelier equation 

'"’’-sfe-f) <"> 

where x is the mole fraction of a component in -the solution which is in equilibrium 



at the temperature T with the same component in the solid state, it may readily 
be shown (1, 14) that for any substance for which the molal entropy of fusion, 
Lf/Tm, is less than 2R cal. per degree, the conventional freezing-point curve 
(T as ordinate against x as abscissa) must be concave upward over part of its 
length — specifically, from the freezing point down to the temperature at which 
the value of Lf/T becomes equal to 2R, where there is a point of inflection. For 
carbon tetrachloride, the molal entropy of fusion is only 2.40 cal. per degree; 
hence the theoretical T — x curve is concave upward between the freezing point 
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and 151°K. In the experimental curves the concavity is detectable, but the 
point of inflection cannot be realized because of transition to the low-temperature 
form at about 225°K. Since the molal entropy of fusion of the monoclinic form, 
as will be shown presently, is well above 2R cal. per degree, the lower branch 
of the theoretical curve is convex upward throughout its length. 

THE LOW-TEMPERATTTRE OR MONOCLINIC MODIFICATION, SOLID II 

Since Solid II becomes metastable above the transition point, no direct 
determination of its melting point or heat of fusion exists. It is possible, how- 
ever, to calculate reasonable values for these two (juantities from known experi- 
mental data. The heat of transition as reported by Hicks, Ilooley, and Stephen- 
son is 1095 cal. per mole, in good agreement with the values given by several 
earlier workers (8, 10, 18). Since in the derivation of the simple Schroder- 
LeChatelier equation for the freezing-point curve the variation of the heat of 
fusion with temperature is assumed to be negligible over the range considered, 
it is consistent to take as the heat of fusion of Solid II the sum of the heat of 
transition and the heat of fusion of Solid 1. Thus the value 1095 + GOl == 1696 
cal. per mole is obtained as the heat of fusion of Solid II. 

The abnormally low entropy of fusion of the cubic form of carbon tetrachloride 
is very simply accounted for by the existence of the transition between the two 
forms, and the large heat effect accompanying this change. When a solid melts, 
a highly ordered arrangement of molecules, atoms, or ions breaks do^^^l to a 
nearly completely random arrangement in the liquid. This change in order alone 
gives a contribution of about R cal. per deg.-mole to the entropy of fusion (5). 
For very simple molecules, e.g., monatomic elements, which have approximately 
the same rotational, vibrational, and structural entropies in the liquid as in the 
solid state, this is the major part of the entropy of fusion. All solids exhibit also 
some volume change on fusion, and this adds a second contribution, usually 
rather small, to the entropy of fusion. Finally, most crystalline solids are 
characterized not only b}'* fixed 'positions of their molecules, but also by fixed 
orientations. When such solids melt, the molecules become able to rotate freely, 
so as to give a random distribution in orientation as well as in position. This 
change from fixed orientation, or ratlicr from slight libration about a fixed 
orientation, in the solid state, to completely free rotation in the liquid state, con- 
tributes a large term — usually the largest, in fact — to the entropy of fusion of 
such solids. 

In the case of many substances, however, of which carbon tetrachloride is an 
example, the two enantiotropic forms are believed to differ in the nature and 
extent of molecular rotation in the crystalline state (12, 21). At very low 
temperatures, the molecules are held almost rigidly in the lattice, with only 
slight vibrational and oscillatory rotational motion, or libration, possible. 
These motions increase with increasing temperature, but not until the transition 
temperature is reached and the thermal energy becomes equal to the lattice 
potential energy, does completely free rotation become possible. Then the 
rotation of each molecule weakens the local molecular forces and thus facilitates 
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the rotation of its neighbors, so that the onset of free molecular rotation through- 
out the crystal — ^marked in many cases by an increased symmetry in crystal 
structure — occurs quite sharply at a definite transition temperature. When all 
the molecules in a crystal begin to rotate freely at a definite temperature, the 
energy that must be supplied appears as the heat of transition, which in the case 
of the monoclinic-cubic transition of carbon tetrachloride has the relatively large 
value of 1095 cal. per mole. 

Now, although in principle there might be a transition from libration to free 
rotation in the solid state for any substance, yet for most the transition tempera- 
ture is not realized below the melting point, and so the transition does not occur. 
However, in crystals in which the intermolecular forces are relatively weak, and 
steric relationships favorable to free rotation, the transition is likely to be 
realized. In such cases the major contribution to the entropy of fusion — ^that 
associated with the libration-rotation change — ^becomes rather an entropy of 
transition, leaving only the smaller order-disorder and volume change terms to be 
observed at the actual fusion point (2). A moderately high degree of dimen- 
sional symmetry in the molecule, and of spherical symmetry in particular, is es- 
pecially favorable for the occurrence of libration-rotation transitions in the 
solid state, and consequently of low entropies of fusion. Symmetry alone is not 
an infallible criterion, however, because certain substances with unsymmetrical 
and even highly polar molecules, such as hydrogen chloride, also exhibit such a 
transition, whereas benzene, with its relatively symmetrical molecule, does not. 
In the case of carbon tetrachloride, the molecules rotate freely in the solid state 
above the transition point at about — 48®C., and the entropy of fusion at the 
melting point, corresponding only to the order-disorder and volume changes, 
has the low value of 2.40 cal. per deg.-mole. 

The melting point of Solid II may be calculated from the heats of fusion and 
the melting point of Solid I in the following way: If we may assume that the 
heat capacities of the two solid forms and of the pure liquid are approximately 
equal over the temperature range from the transition temperature to the melting 
point of the cubic form — an assumption equivalent to those made in the deriva- 
tion of the Schroder-LeChatelier equation for the two freezing-point curves — 
then both the entropies and the heats of fusion and transition are additive, and 
we may write 

L2 = Li + Li (2) 

and 

^2 = & + Si (3) 

or 



In these equations Li and L 2 are the molal heats of fusion, and T? and TI the 
melting points, of Solid I and Solid II, respectively; Li is the heat of transition, 
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and Ti the transition temperature. Equations 2 and 4 may readily be solved for 
rS, to give: 

„0 _ ^1 + 

(5) 

y.0 -t- 

The values reported for the transition temperature of carbon tetrachloride 
(3, 6, 7, 10, 11 , 13, 17, 18, 21, 23) vary even more widely, from — 45°C. to — 48®C., 
than do those for the melting point of Solid I, a fact which makes the usefulness 
of this transition temperature as a fixed thermometric point exceedingly dubious. 
The value reported by Hicks, Hooley, and Stephenson, — 47.8‘’C., again seems the 
most reliable. Using this value for Ti in equation 3, we obtain for 7%, the 
melting point of Solid II, the value 234®K., or — 39®C. This calculated value is 
in good agreement with the value obtained by extrapolation to a: = 1 of the lower 
branch of our freezing-point curve for the system carbon tetrachloride-lutidine 
(figure 2). 

The ideal freezing-point curves for Solids I and II may now be calculated 
entirely from properties of the pure substance. These curves are defined by 
equation 1, which for the two solid mt)difications may conveniently be put in the 
forms 


® 2.303ie (?’? 7’) 


(la) 


and 


* 2.30372 (t^ 7’) 

Substitution of the known values for Li, Lj, Ti, and 7* gives, respectively. 


(lb) 


log X = 0.525 - 131 i 


( 6 ) 


and 


log X = 1.587 - 371 i (7) 

In figure 3, where log x is plotted as ordinate against l/T as abscissa, are shown 
the straight lines corresponding to equations 6 and 7, together with experimental 
data for the system carbon tetrachloride-chloroform, as given by Kanolt (9), the 
system carbon tetrachloride-carbon disulfide, as given by Timmermans (20), and 
our own data for the system carbon tetrachloride-lutidine (22). Since it ap- 
pears almost certain that the variations among the melting points of pure carbon 
tetrachloride reported by the several observers are due principally to differences 
in temperature scale csdibration, each set of data has been corrected by the 
constant temperature increment necessary to bring the melting points into 
concordance. 
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It will be seen that all the experimental points so corrected fall close to the 
theoretical curve, the deviations, of course, increasing with decreasing concentra- 
tion of carbon tetrachloride* Such agreement might indeed have been expected 
for a system consisting of two such similar substances as carbon tetrachloride 
and chloroform, although perhaps not for the other two systems. Sameshima 
and Hiramatsu ( 15 ), it is true, found evidence for a compound CHCI3 *40014 with 
a congruent melting point at - 55 ° 0 ., but no such compound has been reported 
by any other observers. Neither Wyatt’s curve for carbon tetrachloride-carbon 
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Fig. 3. Theoretical freezing-point curve for carbon tetrachloride. O, experimental 
data, chloroform as solute. •, experimental data, lutidinc as solute. A, experimental 
data, carbon disulfide as solute. 

disulfide nor our own for carbon tetrachloride-lutidine revealed the existence of 
any addition compound stable in the solid state in these systems. In the carbon 
tetrachloride-pyridine system (4), however, where a solid addition compound of 
the formula CsH6N-2CG4 is known to exist, the experimental points (not shown 
in figure 3) are found to deviate widely from the theoretical straight line, even in 
the neighborhood of the melting point. In view of all these facts the existence 
of the addition compound reported by Sameshima and Hiramatsu seems highly 
improbable; we may conclude rather that the three systems for which data are 
shown in figure 3 conform closely to ideal behavior. 
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SUMMARY 

The course of the theoretical freezing-point curve for systems in which carbon 
tetrachloride is the solid phase has been calculated. The reasons for the un- 
usually high heat of transition and low heat of fusion of carbon tetrachloride have 
been discussed. Experimental data for several systems containing carbon 
tetrachloride arc shown to be in accord with the theoretical freezing-point curve. 
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INTKODUCTION 

Realization of the fact that it is not necessary to have knowledge concerning 
the exact mass-action law or adsorption equation which fits ion-exchange data 
has led to the use of ion exchangers for purposes other than the usual recovery, 
concentration, and purification operations reviewed by Sussman and Mind- 
ler (13). One bypasses the necessity for such information in most cases by 
devising the experiment so as to measure relative effects. 

It is the purpose of this paper to present the concepts and methods which 
enable one to employ ion exchangers, sjjecifically cation exchangers, for the quali- 
tative and quantitative determination of many physical-chemical properties. 
The experimental results obtained by applying the equations and concepts de- 
veloped here will be given in subsequent papers. Many of the resulting applica- 
tions are quite* imique, inasmuch as they require only radiochemical concentra- 
tions, that is, about 10“^® mole of an element. Thus the dissociation constants 
of complexes such as strontium tartrate have been measured (12) when the con- 
odl&tration of Sr"^"^ was about 10”^^ mole per liter. 

Briefly, the applications for which we have used ion exchangers include: (a) 
the determination of the dissociation constants of complex ions, (6) the rapid 
detection and evaluation of the relative complex-forming properties of organic 
salts, (c) measurements of the activity coefficient of tracer substances in the pres- 
ence of large concen^ations of a foreign electrolyte, (d) the detection and study 
of radiocolloids, (e)Ahe qualitative determination of the state of a radioelement 
in solution, and C/)*4he determination of the valence and relative basicity of a 
cationic radioelement. 

Because the bulk of the experimental work has been done with the acid-- 
resistant and high-capacity synthetic resin cation exchangers (7), the discussion 
will be restricted to these types of cation exchangers. 

The methods discussed here are uniquely applicable for studying the proper- 
ties of radiochemical concentrations of substances when large amounts of foreign 

1 The specific material discussed here was derived from part of the studies made and re- 
ported by the writer as a member of the Argonne National Laboratory, Chicago, Illinois, 
and the Clinton Laboratories, Oak Ridge, Tennessee, and is based on work performed 
under Manhattan District Contract No. W-7405-Eng-39. 

* Present address: Department of Physiological Chemistry, University of Minnesota, 
Minneapolis 14, Minnesota. 
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electrolytes are present. However, the procedures are useful a.s well in studies 
involving macroscopic concentrations. 

GENERAL PROPERTIES OP CATION EXCHANGERS 

A cation exchanger may generally be considered to be a porous salt containing 
an insoluble anion and exchangeable cations. The cations undergo exchange 
on acid groups such as phenolic, sulfonic, and carboxyl groups (7). 

Experimentally, it has been found that with resin particles of GO-lOO mesh: 

(/) At any given pll the adsorption of a given cation will decrea.se as the con- 
centration of foreign cations is increased (2). 

{2) No significant adsorption of anions or neutral substances in true solution 
takes place (2, 12) . ■ 

(S) The adsorptive capacity of the adsorbent for a given cation increases with 
increasing pll.’ This phenomenon has been know'n to occur with carbonaceous 
exchangers (8) and has been shown to occur with the synthetic amberlite resins 
as well (12). 

(4) The adsorption reaches a reproducibly constant value in about 2 to 4 
hr. (2). 

(5) The affinity of a cation for the adsorbent increases with increasing valence; 
thus, the monovalent, divalent, and trivalent cations, for example, form separate 
groups. Some overlapping may occur, but this rule seiw^es as a good first approxi- 
mation (2). 

Proceeding from the above ob.servations, we can now present the methods for 
applying ion exchangers to specific problems. 


MEABXniEHENT OF DISSOCUTION CONSTANTS OF COMPLEX IONS HAVING 
ZERO OR NET NEGATIVE CHARGE 


A complex ion is considered to be formed when a chemical bond exists between 
an ion and an atom or group of atoms or other ions so that the forces acting 
between them lead to the formation of an aggregate with sufficient stability to 
make it convenient for the chemist to coasider it as an independent species (9). 
In general, the equilibrium for the complex ion, MiAj, may be WTitten (4) : 

M.AS -f yK '' (1) 

and from the law of mass action: 

_ (M^]‘[A-*]-' _ (M+“)*(A-‘)«' '' 

[M^] (M,A5) 7(m,aJ) ^ 



f ], to represent thermodynamic activities, and paren- 
stoichiometric concentrations. In the latter case we 


with the synthetic cation>cxchange resin, Dow ex 50 (W. C. Banian 
and J. Eichhofn: Soc. 69, 2830 (1947)), since it contains nuclear sulfonw acid 

groups as the sole ion-active grdup. 
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(M.AS) 


( 3 ) 


The constant Ka is the ‘‘instability*’ constant of the complex ion, because it is 
a measure of its tendency to dissociate into simple ions. We shall refer to Ka 
and/or Ke as the “dissociation constant” of.a complex ion. 

Two well-known physical methods which have been used for the determination 
of complex ions are solubility and e.m.f. measurements. Additionally, the 
“frog’s heart” method (5) has been used to measure the dissociation constants 
of the calcium, strontium, and magnesium citrate complexes, and is based on the 
observation that the amplitude of contraction of the ventricle of the isolated 
frog’s heart is a function of calcium-ion concentration. 

With a given weight and volume of solution, the adsorption isotherm of a 
tracer cation, has been found to be linear over a very wide range of con- 
centrations of the tracer, i.c.. 


MRa . . . 

= constant = Xo 


per cent adsorbed X volume of solution . . . 
(100 — per cent adsorbed) X g. exchanger 


where R is the anionic part of the exchanger. 

The procedure for the determination of the dissociation constant of a complex 
ion involves the determination of the per cent adsorption of the cation in a solu- 
tion of known and constant ionic strength in the absence of a specific complex- 
forming agent, and in the presence of the same. 

Since one measures relative adsorptions, no need exists for knowledge concern- 
ing the formulation of the base-exchange reaction per se. In addition, as shown 
later, the absolute value of the dissociation constant can be determined when the 
adsorption is measured at two different concentrations of complex-forming agent, 
independent of information as to the nature of the adsorption equilibria in the 
total absence of the specific complex-forming agent. 

We shall assume the following conditions to exist in deriving the equation from 
cation-exchange equilibria for determining the dissociation constant of the com- 
plex ion, MxA®, where c < 0: 

(1) The complex-forming ions are “swamped” by excess neutral salt; the 

ionic strength remains nearly constant. 

(2) The concentration of M is negligible as compared to that of the com- 

plex-forming anion, A”^; actually, M'*'® is present in radiochemical 

concentrations ('^10'"® mole per liter). 

(3) All pairs of solutions which are compared have the same pH, volume of 

solution, and weight of adsorbent. 

(4) The exchanger used has been previously saturated with the cation 

component of the bulk electrolyte. 

(5) No adsorption of the complex-forming anion or of the complex ion takes 

place. 

The symbols to be employed in the discussion are as follows: 

a = per cent of which has been adsorbed by the exchanger at equi- 
librium when the complex-forming anion, A"^, is present 
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oo = same as a when is absent 

s = per cent of which remains in solution at equilibrium when 
is present (actually 5 = 100 — a) 

So = same as s when A”^ is absent (so = 100 — Oo) 

Xo = Go/ So, i.e., slope of adsorption isotherm 
(A”*') = concentration of complex-forming anion in moles per liter 

== concentration of the cation which is bound in the complex ion, ex- 
pressed in o!, |3, or 7 counts per minute per milliliter 
(MiAy) == concentration of the complex ion expressed in terms of the counts 
per minute per milliliter of which are bound in the complex, 
or (MxAj) = s — Oo/Xo, as will be evident from the subsequent 
discussion 

(MRa) ~ concentration of adsorbent for given conditions at equilibrium ex- 
pressed in counts per minute per milliliter of 
From equation 4 we have 

= Mlta/Xo (5) 


Substituting the value of from equation 5 into equation 3 we find 

r = (MRa)"(A-V 

xsaLAi) 


(6) 


It is seen that (MxAy) is e(iual to the total counts remaining in solution at 
equilibrium less the counts of XI the value of the latter being simply (XIRa)/Xo. 
Hence, equation 6 is conveniently expressed as 


A' - 


(counts absorbed)* (A~*’)*' 


Xo total counts, remaining in solution • 


count s absorbed! 


(7) 


Xo 


•J 


or, 


Ac 


(a) *(A^ )y 



( 8 ) 


When the experiment is performed in such a manner that an arbitrary, known 
concentration of A ^'is always present, then one can calculate Xo from the adsorp- 
tion results at two concentrations of A~^, namely, Ar^ and A7^ From equation 8 
we have 


Ac = 


(oi riAT^r 





Solving for Xo we find 


{si){s,nA^Y - MiaiYiA-YY 


( 9 ) 
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An example of the data obtained by ion-exchange methods is furnished by the* 
results (12) of a study of the dissociation constant of strontium tartrate. The 
experimental set-up consisted of 0.5 g. of air-dried cation-exchange resin con- 
verted to its ammonium salt and 50 ml. of a solution containing a known amount 
of tartaric acid, 0.2 molar in ammonium chloride and about 10"“® mole of radio- 
strontium. The radiostrontium used was Sr®® decaying as follows: 

Sr” Y» (stable) 

53 d 

At two different concentrations of tartaric acid the dissociation constants, Ke^ 
for the reaction: 

Sr Tar Sr^-^ + Tar" “ 

were found to be 1.99 X 10~* and 2.04 X 10“*, respectively. The average value, 
2.02 X 10“* or pKc — 1.69, is in good agreement with that of Cannan and Kib- 
rick (3), who found pKe == 1-65 from a study of hydrogen electrode titration 
curves of potassium chloride-strontium chloride mixtures at an ionic strength of 
0.2. The agreement between the two values is even closer when corrections for 
activity coefficients are considered. 

We may summarize the advantages of the ion-exchange method for the deter- 
mination of the dissociation constants as follows: (/) Only tracer quantities of 
elements are necessary. {2) It is workable over wide temperature and pH 
ranges. From the biochemical point of view this is important because one can 
measure the stability of a complex under physiologically important conditions. 
(S) It is both rapid and simple. Additionally, different cations can be worked 
with simultaneously in the same solution by the use of a tracer mixture followed 
by radiochemical analysis. (4) It appears to be capable of good accuracy and 
precision. 

The method as such should serve as a valuable tool for the study of the solu- 
tion thermodynamics of complex ions. For example, detailed studies of the 
variation of Ke of strontium citrate with temperature and in, say, dioxane-water 
mixtures, would yield data of fundamental value. F'urthcrmore, it would be 
of interest to apply the method to compounds of biological importance, e.g., 
metal proteinates. 

Paper II of this series will report (with J. W. Richter) the results obtained 
from a study of the dissociation constants of metallic citrates and tartrates of 
strontium. 

RAPID DETECTION AND EVALUATION OP RELATIVE COMPLEX-FORMING 

PROPERTIES 

Aside from the quantitative measurements of dissociation* constants, ion ex- 
change may be applied for rapidly testing the efficacy of complex-forming agents 
toward radioelements in a given solution. One can employ such a ratio of weight 
of adsorbent to volume of a given solution that the adsorption of a cationic ra- 
dioelement is in the region of 50 per cent. The addition of equimolar concentra- 
tions of different reagents to individual solutions will serve as a means then of 
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detecting complex-forming action and of determining qualitatively the relative 
strength of the different complexes formed. This procedure is of great use in 
devising schemes for chromatographic separations of inorganic elements. 


DETERMINATION OP ACTIVITY COEFFICIENTS 

It has been shown (2) that the adsorption of mixtures of monovalent and 
divalent cations by a synthetic resin like Amberlite IR-1 obeys the law of mass 
action (a) when the activities of the solid-phase components are expressed in 
terms of their mole fractions, (h) when the thermodynamic activities of the ions 
in the solutions are employed, and (c) when the anionic part of the adsorbent is 
taken to have an apparent charge of unity. These results agree with the equa- 
tions developed by Vanselow (14) based on experimental work with inorganic 
zeolit/es. He was the first to point out the utility of cation exchange as a method 
for measuring activity coefficients and applied it to the barium-cadmium ex- 
change reaction on bentonite (15). 

Consider a system (containing a cation exchanger which is saturated with a 
elation and immersed in a solution containing the cations etc. 

Under equilibrium conditions, the reaction is: 

where R designates the insoluble anionic part of the exchanger. 

'Fhe thermodvTiamic expression of the equilibrium constant is: 

••• 

— ^ -■ ( 11 ) 

(I jt^n^(lq+n^ • * * (ZMRnj 

For the reaction involving the monovalent cation and the divalent cation 
we may write: 

" + 2AR CRs + 2A+ (12) 


The exchange constant, K„, becomes 

^ (CR,)(CR, + AR)^)%:+ 
(AR)HC^)7c-+ ■ 


(13) 


where the (luantities in parentheses are the concentrations in moles per liter 
and 7 a* and 7c++ are the activity coefficients of cations A"*" and respectively. 

If is present in radiochemical amounts in a solution of A"*", then equation 13 
l)ecomes 


^ (CR2)(A+)V^ 
(AR)(C^)7o** 


(14) 


since (AR) > > (CR.). 

It is convenient to introduce Kc, namely: 

(_CRs)(A+)' 
" (AR)(C++) 


( 15 ) 
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Thus we can now determine yc++ by means of the following relation: 

7e++ = ^ Xyl+ (16) 

Since 0"^“^ is present in effect at zero concentration, the activity coefficient of 
A“^ is exactly that of its pure solution. The quantities Kc and Ka are easily 
determined (2), so that by choosing a bulk electrolyte for which the activity 
coefficients are known we have a simple means of directly measuring the activity 
coefficient of an electrolyte present in that solution in concentrations of the 
order of Naturally, and are actually expressed in terms of 

the Lewis and Randall mean activity coefficients. 

The way is clear, then, for a systematic investigation of the thermodynamics 
of numerous solutions of mixed electrolytes. Utilizing the techniques of radio- 
chemical analysis, one can study the activity coeffi(;icnts of several electrolytes 
simultaneously. Measurement of activity coefficients of radiotracers in uranyl 
nitrate solutions has been made (10). 

RADIOCOLLOID INVESTIGATIONS 

There exist many instances where the adsorption of a radiotracer by a cation 
exchanger is the result of processes other than cation exchange. It is possible 
to relate such anomalous behavior to radiocolloid formation and (jonsequently 
to utilize cation exchangers for the detection and study of this phenomenon. 

Several naturally occurring radioelements have been shown to exist in the 
colloidal state under the proper conditions of pi I, etc. Such phenomena as 
slow diffusion, inability to dialyze through membranes, and inversion of charge 
are obtained with radiocolloids. 

As expected, it is found that colhiidal substances are adsorbed l)y a cation 
exchanger, not through cation exchange, but because the ex(‘hanger offers a 
favorable site for adsorption by virtue of its surfa(*e properties. In such cases, 
one would anticipate, as is indeed the case, that any finely divided material such 
as charcoal and inorganic oxides as \vell as the surfaces of the vessels containing 
the radiocolloid would serve as adsorption sites. From the known behavior of 
the cation exchangers as given earlier in this paper, we (^an establish criteria for 
detecting and interpreting radiocolloidal behavior by means of cation exchange. 
It is of interest to add that the conclusion drawn as to the existence and nature 
of radiocolloids from cation-exchange data has been confirmed (1) from studies 
of diffusion rates, ultracentrifugation, and dialysis. 

7. Effect of increasing hulk electrolyte concentration over wide ranges 

In contradistinction to the adsorption of a cation, the adsorption of a radio- 
colloid will remain relatively unaffected or even increase with increasing bulk 
electrolyte concentration. Thus the bulk electrolyte may act as a coagulating 
agent and enhance the degree of adsorption of the radiocolloid. 

There exist conditions under which the concentration and the type of bulk 
electrolyte and the quantity of adsorbent are so fixed that the adsorption of any 
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true cation, regardless of valence, is very small or negligible, yet even in these 
cases the adsorption of radiocolloids will at times exceed 90 per cent. Such 
behavior allows the conclusion that the proportion of true cation coexisting with 
the particular element is very small. 

2, Effect of increasing the cmicmtratio7i of the radiocolloid 

When one has a solution containing a known concentration of a true cationic 
radioelement, then the adsorption of the cation as its concentration is increased 
(say from 10 ® to 10“ ^1/) by means of inactive carrier is ciuite characteristic fre^m 
the mass-action expression (2). A radiocolloid behaves quite differently under 
similar conditions and generally the adsorption will not be affected in the same 
manner. 


3. Effect of pH 

Generally, a decrease in the pH of a given solution results in a decrease in 
adsorption of a cation because of (a) reduction in the actual capacity per gram 
of the exchanger and (b) the mass-action effect of the hydrogen ion. Many 
radiocolloids, on the other hand, will be increasingly adsorbed as acid is added 
to the solution. It may be found that a certain a(ud concentration dissolves the 
radiocolloid. This condition will often reveal itself by a very striking and sudden 
change in the degree of adsorption of the element affected. 

/f. Effect of complexffoi'niing agents 

While the adsorption of a radiocolloid is relatively unaffected by many sub- 
stances, both inorganic and organic, the addition of small amounts of some sub- 
stances will result in a remarkable decrease in its adsorption. Naturally, this 
effect will be greater, the stronger is the complex formed. It is possible therefore 
to determine the relative complex-forming strength of a series of anions toward 
a colloid by determining, for example, the effect of a given concentration on the 
adsorption. Naturall.v all other conditions such as (juantity of adsorbent and 
volume of solution would be kept constant. 

When experimenting with colloids, particularly radiocolloids, it is important 
to take into account factors such as their mode of preparation, (conditions, and 
length of pre\d()us storage, and the order of addition of reag(mts. The criteria 
given here for the study of radiocolloids can be expanded to include effects such 
as the rc'ile of adsorption, reversibility of b(diavior and the like, but those given 
above have proved ample. Paper III of this series will give the results of the 
study of a large number of radiocolloids l)y the ion-exchange method. 

r'T. Eluting characteristics 

Once an element is adsorbed by the exchanger, useful information may be 
obtained by separating out the excchanger and placing it in fresh solution. De- 
pending on the cation concentration of the new solution, more or less of the 
adsorbed material will be disphu^ed, assuming the absence of complex-forming 
action. If the material was adsorbed by cation-exchange properties, then it 
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will be displaced to an extent dependent on the effective cation concentration in 
the solution. An adsorbed radiocolloid usually will not be eluted by such a 
procedure. 

In general, one can employ the eluting studies instead of merely studying the 
adsorption properties above, not only for radiocolloid studies but in the other 
cases discussed in this paper. 

QUALITATIVE DETERMINATION OF THE STATE OF A RADIOELEMENT IN 

SOLUTION 

From the information given in the preceding se(;tions, it is apparent that the 
criteria exist for rapidly determining whether in a given solution a given sub- 
stance is a cation, an anion, or a colloid. For example, if the substance is not 
adsorbed under conditions where adsorption of even the more weakly adsorbed 
cations such as Na*^ and occurs to an appreciable extent, then we can con- 
clude that we are dealing with an anionic or neutral substance. 

Experimental conditions, in particular the ratio of solution volume to adsorbent 
weight, should be chosen so that the extent of adsorption of the more weakly 
adsorbed and more strongly adsorbed cations is determinable to a significant 
extent. 


DETERMINATION OF THE VALENCE AND RELATIVE BASICITY OF A 

RADIOELEMENT 

If an unknown radioelement proves to be a cation, then it is possible to deter- 
mine its probable valence and even its relative basicity. This is most conven- 
iently done by choosing as a standard some bulk electrolyte in which the relative 
adsorption under given conditions of known cations of various valence groups is 
known. The elements will arrange themselves according to valence. It may 
be found, for example, by a single experiment, that an unknown cation is ad- 
sorbed to an extent characteristic of the trivalent (nations. This immediately 
furnishes a valuable clue. 

Furthermore, it has been shown by Jenny (6) and others (2) that for a given 
valence series of cations, the adsorption of cations will in general be greater, the 
smaller is the hydrated radius in solutions. Thus, we find that the order of 
increasing adsorption of the alkaline earths, for example, is Ba '^ > Ca*^^. 

The ease of removal is in the reverse order. 

Even if the adsorption result is on the borderline between two valence states, 
we can at least specify which two valence states are indicated. The particular 
valence state in the adsorbent (see below) can be placed in many cases, by deter- 
mining the dependence of adsorption of the unknown cation with changes in the 
concentration of the bulk electrolyte. It follows from the mass-action expression 
that the variation in adsorption of the radioelement will vary as some definite 
power of the bulk electrolyte concentration, depending on the valence which the 
adsorbed radiocation possesses in the adsorbent. In general, the valence which 
an adsorbed cation possesses in the adsorbent will be its maximum valence, up 
to and including the tetravalent state. 
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With experience it is found that ion exchange is a very rapid and simple method 
for characterizing the nature of radioelemenis in solution and for classifying 
qualitatively the chemical nature of unknown radioisotopes. 

It should also be mentioned that the relative effects of complex-forming agents 
on a radioelement also serve as a means of placing the valence and basicity of an 
element. For example, the Th(lV) citrate complex forms one group, the rare 
earth citrate complexes fall in another group, etc. Within each group the be- 
havior of each element relative to the other is related to the basicity (11). 

DISCUSSION 

While the organic ion extrhangers are very stable toward a great variety of 
reagents (2), it is important to recognize some of their limitations. In general, 
they are affected by nitric acid and should not be employed with solutions of 
nitric acid which are stronger than 0.1 .1/. On the other hand, they are quite 
stable toward even 6 M solutions of hj^drochloric or sulfuric a(;id. They undergo 
serious changes in solutions more alkaline than pll = 9. 

Anionic exchangers are, generally, more sensitive to temperature than the 
cation exchangers, becoming unstable in the regions of 40''C. The organic cation 
exchangers, depending on the particular solution environment, appear to be 
stable even at temperatures approaching 100‘^C. 

The inorganic cation exchangers such as the sodium aluminosilicates are not 
stable in acid solutions and function best in the pll region of ^1.5-7. They 
have the further disadvantage of sometimes reacting with the heavy metals to 
form insoluble silicates which cannot be removed by ordinary cation-active 
reagents. Additionally, their adsorptive capacity is relatively low compared to 
the organic exchangers and varies with particle size. 

The extent to which the principles and methodKS described here c^an be applied 
to the study of the complex-forming action of biological substances such as pro- 
teins and amino acids is a problem deserving of attention. 

By utilizing other phases of the behavior of ion exchangers it should be possible 
to extend their uses as a physicochemical tool. The kinetics of the adsorption 
process can probably be useful, for example, in establishing lurther criteria by 
which true ions and colloids can be distinguished from one another. 

SUMMARY 

The exchange of cations by the synthetic resin cation exchangers is made the 
basis for numerous applications to physical-chemical problems. Many of these 
applications require only radiochemical concentrations of an element. It is 
shown how it is possible to measure quantities such as the dissociation constants 
of complex ions and activity coefficients of electrolytes present in nearly zero 
concentration in th(‘ pn».sence of macroscopic concentrations of another electro- 
lyte. In addition, a knowledge of the behavior of cation-exchange systems is 
utilized for the detection and study of radiocolloids, the qualitative determina- 
tion of the state of a radioelement in solution, and the determination of the 
valence and basicity of cationic radioelements. 
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INTRODUCTION 

Cations of the alkaline earths readily form complex ions with the anions of 
carboxylic acids. The most commonly used methods for measuring the dis- 
sociation constants of these complex ions are the determination of solubility 
(7) and electrometric procedures (4, 6). The dissociation constants of the citrate 
complexes of calcium, strontium, and magnesium have also been studied, using a 

* The specific material discussed here is derived from part of the studies reported in May 
1945 by the authors and is based on work performed under Manhattan District Contract 
No. W-7405-Eng-39 at the Clinton Laboratories, Oak Ridge, Tennessee. 

* Present address: Department of Physiological Chemistry, University of Minnesota, 
Minneapolis 14, Minnesota. 

* Present address: Department of Chemistry, University of Minnesota, Minneapolis 14, 
Minnesota. 
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frog heart preparation (5). These techniques, except the ion-exchange method, 
require that all of the components of the complex ion be present in macroscopic 
concentration. Paper I of this series included a discussion of the theory and a 
development of the equations employed when using a cation exchanger for the 
determination of the dissociation constants of certain soluble complex ions (9). 
A unique feature of the ion-exchange method is the fact that the dissociation 
constant of an organometallic complex ion is measured when the metal com- 
ponent is present in radiochemical concentrations, i.e., about 10“^^ mole per liter. 

In this paper we shall present the experimental procedures and the results ob- 
tained from an ion-exchange study of the dissociation constants of the com- 
plex ions of strontium citrate and strontium tartrate. The measurements in- 
volved the determination of the percentage of radiostrontium which was ad- 
sorbed by the cation exchanger in the presence and absence of a known amount 
of citric acid or tartaric acid and in a solution adjusted to constant ionic strength 
with ammonium chloride. 


EXPERIMENTAL 

The adsorbent 

In all (*ases the adsorbent used was the cation exchanger Amberlite IR-1^ 
classified into particles of 40-()0 mesh. The resin was converted to the am- 
monium form, NII4R, by treating the hydrogen form, HR, of the resin with ex- 
cess ammonium chloride at a pH of 7.5. The resin was washed free of excess 
salts with distilled water and was air dried. The ammonium resin contained 
1.92 millimoles of exchangeable ammonium ion, NHt, per gram of the air-dried 
material. The moisture content of the resin as determined by drying a sample 
to constant weight at n0°(^ was found to be 18 per cent. 

Solutions 

All the chemicals used were chemically pure. Stock solutions of citric acid 
and tartaric acid were made up just before they were used. Spectrographic analy- 
ses of the solutions after equilibration with the resin revealed no detectable (pian- 
tities of foreign cations or of carrier strontium. 

Radiotracer 

The tracer used was carrier-free Sr^*^ which has a half-life of 53 days, 
y (stable). A stock solution of ammonium chloride was “spiked’’ 

53d 

with the tracers. This solution was used to prepare all the solutions used in the 
experiments reporled here. On the average the experimental solutions con- 
tained about 80 counts of Sr^® per second at 8 per cent geometiy, i.e., a mini- 
mum of 10“^^ mole per liter. 

* Manufactured by the Rohm and Haas Company, Resinous Products Division, Phila- 
delphia, Pennsylvania, 
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Analytkal procedures 

0 

Concentrations of ammonium ion in the equilibrium solutions were deter- 
mined by a micro Kjeldahl procedure (10). The radiations from Sr” were 
measured directly in a Geiger-Miiller counter after evaporation of a given ali- 
quot. Factors such as the geometry and the self-absorption characteristics were 
kept as uniform as possible. Inasmuch as the experiment consisted in measur- 
ing relative beta activities, no corrections for decay, self-absorption, and the like 
were found necessary. 

Equilibrium procedure 

A given weight of NH 4 R and a given volume of solution were shaken for 3-hr. 
periods, after which the mixture was centrifuged and the centrifugant analyzed 
for the content of radiostrontium. It would have been advisable to determine 
the radiostrontium in the resin as well, had not conditions been chosen so as to 
3 deld results of optimum accuracy without necessitating a direct analysis on the 
resin. 

Rate studies have shown that 3 hr. is sufficient time for the adsorption of the 
tracer to reach a reproducibly constant value (2). 


RESULTS AND DISCUSSION 


The stoichiometric dissociation constant, Kc, for the complex ions of types 
like strontium citrate and strontium tartrate is given by the relation (4, 5, 0, 7) : 


(SrA)'- 

(Sr^)(A0 


where A = the anionic part of the complex ion (SrA)*~* and z — the charge on the 
anion. 

The equation which expresses the value of Kr in terms of cation-exchange equi- 
libria follows: 



(2) 


where a — the per cent of the cation which is adsorbed by the exchanger at 
equilibrium when the complex-forming anion. A', is present, 
s = the per cent of the cation which remains in solution when A’ is pres- 
ent (i.e., s = 100 — a), 

A = the molar concentration of the complex-forming anion, and 
Xo ■= the ratio a/s when A is absent from the solution, i.e., the slope of 
the adsorption isotherm. 

Effect of pH on adsorption of strontium 

All pairs of solutions must be compared at the same pH because the capacity 
of an ion exchanger, and hence Xo, usually increases (8) with increasing pH. 
Measurements of the effect of pH on the adsorption of radiostrontium were made 
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at constant ionic strength (n = 0.2) and are tabulated in table 1. It is seen 
that as the pH increased from 5 to 8 the variation of Xo with pH is linear within 
experimental error (figure 1). 


TABLE 1* 


Adsorption of tracer concentrations of radiostrontium] from solutiojis of 
ammonium chloride (p » 0.20) as a function of pH {t « 


pH Of SOLUTION AT 
BQUIUBKIUM 

81 ++ IN SOLUTION AT 
KQUILIBKIUM 

Sr'*"*’ ADSORBED AT 
EQUILIBBIUM (CALCULATED) 

Xtt 

5.1 

per cent 

24.0 i 

76.0 

3.16 

6.2 

21.2 

78.8 

3.72 

5.4 

19.2 

80.8 

4.21 

5.7 

16.3 1 

83.7 

5.13 

6.0 

15.3 

84.7 

5.54 

6.6 

11.9 

88.1 

7.40 

7.4 1 

9.4 

90.6 

9.64 

8.0 1 

7.8 

92.2 

11.8 


♦ 0.6 g. of air-dried NH4R was shaken with 50 ml. of solution for 3 hr. The pH of the 
solutions was adjusted with ammonium hydroxide. 

t The original solutions contained 4900 counts of Sr*® per minute at a geometry of 8 
per cent. 



Fio. 1. Effect of pH on the adsorption isotherm, Xo, of radiotracer Sr"^ from 50 ml. of 
0.20 M ammonium chloride by 0.5 g. (0.96 mole) of ammonium resin, NH4R. t = 25®C. 

Dissociation constant of strontium tartrate 

Measurements were made under conditions similar to those employed in 
studying the variation of the adsorption of radiostrontiuni as a function of pH. 
The ammonium-ion concentration was kept constant at 0.2 mole per liter. 
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The total ionization of tartaric acid, H2C4HsO(), is practically complete at the 
pH and ionic strengths employed in our experiments (3). It has been shown 
that (4) the dissociation constant, Kc, of strontium tartrate is given by the rela- 
tion: 


_ (Sr++)(Tar") 
(Sr Tar) 


(3) 


where Tar"” = the ionized anionic part of the tartaric acid molecule. 

In table 2 are given the data from which the dissociation constant was cal- 
culated. Each point represents the average of at least two runs. The value of 
Xo was obtained from figure 1. Equation 2 was used to calculate Kc. The 
average value found, 2.02 X 10' ^ or, p/^c = 1 *09, is in good agreement with the 
value of Cannan and Kibrick (4), who found pJf^c = 1*65 from a study of hydro- 
gen electrode titration curves of potassium chloride-strontium chloride mix- 
tures at a constant ionic strength of 0.2. While the agreement with their 


TABLE 2* 


The dissociation constant of strontium tartrate as calculated from ion^exchange data 

at ± 


CONCENTRA- 
TION or TAR- 
TARIC Aao 

pH or 

SOLUTION AT 
EQUILIBRIUM 

TRACER 

adsorbed at 

EQUILIBRIUM 

(calculated) 

TRACER Sr-*^ 
IN SOLUTION 
AT EQUI- 
LIBRIUM 

Xo 

a 

Kc 

pKe 

fnoles/liUr 


per cent 

per cent 




0.10 

5.46 

41.1 

58.9 

4.20 

1.99 X 10“* 


0.05 

7.11 

71.9 

28.1 

8.84 

2.04 X 10“2 

• 

Average . . 

2.02 X 10-® 

1.69 


* 0.5 g. of air-dried ammonium resin was shaken for 3 hr. with 50 ml. of the solution 
which contained a total of 0.2 mole per liter of ammonium ion. 


result is very good, it is possible to ascribe the direction of the deviation to the 
difference in the bulk electrolytes which were employed. There is evidence to 
indicate that the activity coefficient of a tracer substance is greatly influenced 
by the bulk electrolyte (2). The activity coefficient of potassium chloride at 
an ionic strength of 0.2 is greater than that of ammonium chloride at the same 
ionic strength. It is expected, therefore, that the activity coefficient, 7, of 
radiostrontium would be slightly greater (at least for mixtures of halide salts) 
in solutions of potassium chloride than in solutions of ammonium chloride. 
From the relation 


K, = (4) 

■Vsr Tar 

where Ka is the thermodynamic dissociation constant, it is seen that the dis- 
sociation constant of strontium tartrate dissolved in ammonium chloride would 
tend to he less than in potassium chloride solutions. 
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Dissociation constant of strontium, citrate 

From the known ionization constants of citric acid (1) it (;an be shown that 
under the conditions of our experiments, citric acid is completely ionized to the 
tertiary citrate ion, Cit , where Cit represents the anionic part, CgHbOt. 

TABLE 3 


Dissociation constant of strontium citrate y Sr Cir, calculated from ion-exchange data 

at 26^ ± 1%\ 


SAMPLE 

NO. 

WEIGHT 

OF NH 4 R 

VOLUME 
OF SOLU- 
TION 

CONCEN- 
TRATION 
OF CITRIC 
ACID 

1 

pH OF 
SOLUTION 
AT EQUl- 
UBRIUM 

RADIOSTRON- 
TIUM ADSORBED 

TOTAL 

CONCEN- 

TRATION 

OF NIL 

SLOPF.Xo, 
FOR GIVEN 
CONDI- 
TIONS* 

Kc 

pXc 


grams 




per cent 

moles/ 

liter 






A 

A'. 

0.50 

0.5 

50.0 

50 

0 

! 0 

8.10 

8.10 

94.6 

94.5 

0.165 

0.165 

1 17.3 





1. . 

0.5 

50 

0,02 

7.76 

54.5 

0.165 

15.8 

1.63 

X 

10-3 


1'. .. . 

0.5 

50 

0.02 

7.76 

54.7 

0.165 

15.8 

1.66 

X 

10-3 


2, 

0.5 

50 

0.01 

7.64 

67.1 

0 165 

15.4 

1.53 

X 

10-3 


3. . 

0.5 

50 

0.005 

7.10 

73.4 

0.165 

13.1 

1.33 

X 

io-» 





1 




Aver- 












age 

1.54 

X 

10-3 

2.81 

4. .. 

5.0 

50 

0 

6.80 

67.8 

1.05 

2.1 





4'.. . 

5.0 

50 

0.05 

6.80 

20.6 

1.05 

2.1 

7.03 

X 

10“ 3 


5 .. 

10.0 

50 

0 

6.72 

80 

1.05 

4.0 





5'., .. 

10,0 

50 

0,05 

6.70 

30.4 

1.05 

4.0 

6.12 

X 

10-3 









Aver- 












age 

6.58 

X 

10-3 

2.18 


* The values of Xo for samples A'~3 were estimated from equation 6 as described in the 
text. 


The dissociation constant for strontium citrate has been shown (5, 6) to be 
given by the relation: 


^ (Sr++)(Cit ) 

(Sr Cit-) 


( 5 ) 


In the present scries of experiments the dissociation constant of strontium citrate 
was studied at two different concentrations of ammonium ion, O.lGs and l.Oj 
moles per liter. The results obtained arc tabulated in table 3. Each point 
represents the average of at least two separate runs. 

The pKc = 2.81 found for strontium citrate when the total ammonium-ion 
concentration was 0.1 65 moles is in good agreement with the value pKe — 2.70 
reported by Hastings et al. (5), and the value, pA'c = 2.92, reported by Joseph 
(6) . The expected salt effect was manifested when an increase in the total salt 
concentration to I.O5 molar resulted in a more than fourfold increase in the dis- 
sociation constant. 
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In order to calculate the for strontium citrate when the total NH^ == O.lCs 
M, it was necessary to make the assumption that the change in Xo with pH was 
the same as when the concentration of NHi" = 0.20. An indication as to the 
validity of the assumption that the effect of pH on Xo is the same over such a 
short range of salt concentrations is the fact that the values of Xo which are 
obtained at any one pH are in perfect agreement with the ones which are calcu- 
lated from the mass action expressions (2). The latter relation assumes that 
Xo varies as the square of the ammonium-ion concentration. For example, at 
a pH of 8.1 we find that when (NHf)^ = 0.20 M, Xo === 11.84. Then we can 
calculate Xj when (Nld’)^ = 0.1 Gs M by means of the relation 


_ Xg X (NHj-)^ 

(NH?)a 


1.47XS 


( 6 ) 


whence XS = 17.4, which is in agreement with the experimentally observed 
value given in table 3. 


SUMMARY 

The ion-exchange method was used to measure the dissociation constants of 
strontium citrate and strontium tartrate. All the measurements were made 
at 25®C. and at a pH of about 7. The ionic strength of the solutions was 
furnished entirely by ammonium salts, since the total concentration of radio- 
strontium was of the order of 10'“ mole per liter. The pAc for strontium tar- 
trate was found to be 1.69 when the total ammonium-ion concentration in solu- 
tion was O.lGe mole. Under the same conditions the p/vc of strontium citrate 
was equal to 2.81. When the total ammonium-ion concentration was 1.05 
moles per liter, the pAc of strontium citrate was 2.18. These results are in 
excellent agreement with the values reported in the literature. 

Supplementary studies showed that as the pH increased from 5 to 8 there was a 
steady and marked increase in the amount of radiostrontium adsorbed by the 
cation exchanger. This result emphasizes the importance of pH control in 
cation-exchange reactions. 

The authors wish to thank Mr. N. M. Byerly and the Clinton Laboratories 
Analytical Group for making some of the analyses reported here. 
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In a flow experiment carried out at SfWC., Hurd and Blunck (6) showed that 
/erM)utyl acetate pyrolyzed into isobutylene and acetic acid. Their distillation 
analysis indicated the absence of isomeric butylenes, and qualitative tests upon 
the products showed the absence of acetaldehyde, ketenc, and acetic anhydride. 
As it appeared from the analytical data that the gaseous decomposition of iert- 
butyl acetate might have a simple mechanism, it has been investigated in 
greater detail because organic decompositions of this type are rare and further 
information upon the less complex reactions is desirable. In this paper the 
kinetics of the decomposition of /cr^-biityl acetate will be described. 

PREPARATION OP ESTER 

The ester was prepared from ^cr^-butyl alcohol and acetic anhydride, using 
the procedure of Norris and Rigby (8). Eastman’s “practicar’ acetic anhydride 
was distilled and a fraction separated boiling in the range 132°-137®C. The 
alcohol was an Eastman product and was purified by crystallization and distilla- 
tion according to the proeexiure of Schultz and Kistiakowsky (10). After the 
ester was stripped from the reacting mixture, the crude product was purified by 
distillation, using a 5-ft. vacuum-jacketed column with wire-spiral packing. 
After two distillations the refractive index of the distillate reached a constant 
value. The purified ester had a standard boiling point of 97.7°C., a specific 
gravity, d^ 4 ® , of 0.8004, and a refractive index, , of 1 .3837. The values cited 
are in close agreimient Avith those given by Norris and Rigby (8) and by Bryant 
and Smith (2). 


EXPERIMENTAL PROCEDURE 

The decomposition of the ester was followed in a constant-volume system by 
measuring the pressure at definite time intervals. A glass diaphragm gauge with 

' Presented before the Division of Physical and Inorganic Chemistry at the 104th Meeting 
of the American Chemical Society, which was held in Buffalo, New York, September, 1942. 

This paper is abstracted from (he thesis submitted by Charles E. Rudy, Jr., to the 
Faculty of the Graduate School of the Carnegie Institute of Technology in partial fulfill- 
ment of the requirements for the degree of Doctor of Science in Chemistry, April, 1942. 
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electrical contacts, similar to the one described by Daniels (4), was used for the 
pressure measurements. The reaction cell had a volume of about 60 cc. and was 
connected to the vacuum line with the shortest possible length of 2-mm. capillary 
tubing. The cell could be closed off from the vacuum line with a glass stopcock 
sealed with Picein cement. The stopcock was equipped with an electrical 
heater so that the Picein cement could be melted when it was necessary to 
manipulate the stopcock. It was found that, over periods of some hours, small 
amounts of the reaction products dissolved in the solid cement, so an arrangement 
was used by Avhich a short column of mercury could be placed in the capillary 
tube leading to the reaction cell after the cell had been filled with reactant. The 
column of mercury effectively shielded the product gases from the lubricant 
during the course of an experiment. In the vacuum line mercury ‘'cut-offs’' 
were used throughout, so that the ester came in contact only with glass and 
mercuiy. * The vacuum line and cell could be evacuated with a two-stage mer- 
cury diffusion pump backed by a Hyvac oil pump. 

A mercury-vapor thermostat was employed for the constant-temperature bath. 
It was constructed of steel in the form of a Deu ar flask. Mercury vapor was 
confined to the annular space between the inner and outer cylinders. The 
inner cylinder w'as filled with a mixture of fused nitrites. Thermocouple readings 
taken at various distances from the bottom of the inner (cylinder indicated that 
the temperature was constant within 0.2° at 3(K)°C. over a distance of about 
4 in., starting at a point 1 in. above the bottom of the inner cylinder. At the 
temperatures where experiments were carried out, the temperature gradient would 
be still smaller. The reaction cell was located in the constant-temperature zone. 
A calibrated, four-junction, copper-constantan thermocouple was placed alongside 
the cell and was used for measuring the temperature of the cell. The calibration 
of the thermocouple checked very closely over a range of 120° witli the tempera- 
tures predicted from the known vapor pressures of mercury. The vapor thermo- 
stat was provided with a modified Coffin barostat (8), in which the mercury in 
the control manometer was replaced by ethylene glycol, and a separate mercury 
manometer was provided for reading the gas pressure over the boiling mercury 

HOMOGENEITY OF THE REACTION 

In clean glass vessels the decomposition of the ester is heterogeneous and not 
reproducible. However, if the products of the decomposition are allowed to 
remain in the cell for some time at the temperature of the reaction, the glass 
surface becomes inert and measurements arc reproducible. The period of time 
necessary to inactivate the surface decreases markedly as the temperature is 
increased. At 360°C. the surface is inert after being in contact with the reaction 
products overnight. At 300°C. much longer times are required for surface 
deactivation. The surfaces of all cells used for taking the data given here were 
deactivated at 360°C. Similar effects have been reported for the decomposition 
of other tert-hntyl compounds (10). The nature of the deactivation process is 
not known, but it appears probable that isobutylene forms a polymeric film on 
the surface. Inspection of a deactivated cell gave no evidence of a film, but 
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some evidence in favor of this assumption was obtained by means of the following 
experiment: To a reaction cell 3.2 g. of 200-mesh Pyrex powder was added and a 
series of rate measurements was made at 291°C. In the first experiment the rate 
of decomposition was immeasurably fast. The reaction products were allowed to 
remain in the flask overnight, and the experiment was repeated the following 
day. With successive experiments the rate of decomposition decreased, until at 
the seventh experiment the rate was approximately ten times faster than the 
normal rate. When the glass powder was removed from the cell, it was found to 
be light brown in color indicating that some type of film had been formed. No 
film was visibli^ on the walls of the cell. 

In carrying out the experiments reported here, the surface was deactivated at 
3()()®(\ and a series of expeiiments made at lower temperatures. The surface 
was treated again at 3()()°(l, and check experiments were made at the lower 
temperature, lliis procedure was repeated several times, and excellent checks 
w(^re obtained. The fact that experimental values could be closely reproduced, 
together with the fact that a plot of log I: vs, 1/T is a straight line over a wide 
temperature range', indicates that the reaction as studied is essentially 
homogeneous. 


ORDER OP THE REACTION 

Within the accuracy of measurement the final pressure, is twice the initial 
pressure, po, as obtained by extrapolating pressure readings back to zero time. 
The decomposition of the ester is first order, as indicated by the fact that the 
usual log — pt) vs, time plot gave straight lines out to 95 per cent decomposi- 
tion. In addition, as tabulated in table 1, the time of half-life is independent of 
the initial pressurt?, and the ratio of the time of three-quarters life to the time of 
half-life is 2, as n‘(|uired by a first-order process. 

VELOCITY CONSTANTS AND ENERGY OF ACTIVATION 

Velocity constants were calculated graphically by preparing plots of log 
(Poo Pi) measuring the slope of the best straight line through the 

experimental points. The values of k determined in this manner are tabulated 
in table 2. 

If the logarithms of the velocity constants listed in table 2 are plotted against 
the H'ciprocal of the absolute temperature, a straight line is obtained W'hose 
eijuation is 

log k (soc.-') = 13.342 - (1) 

The energ}^ of activation for the decomposition of /c/’/ -butyl acetate is accordingly 
40,500 cab 


LO W'-TRESSURE E X PERIMICN TS 

A series of experiments were made in the vicinity of 290 °C . in which low initial 
pressures of ester w'ere used. The experimental data are shown in table 3. Ihe 



360 


CHARLES E. RUDY, JR., AND PAUL FUOAS8I 


TABLE 1 

Timet of fractional life 


TEIIFSKATUIX 

2H 

|i/t 

,3/4 

,1/4/, 1/1 

• c . 

fWM. Hg 

min. 

min. 


303.1 

127.2 

1.18 

2.40 

2.04 

303.3 

102.5 

1.27 

2.42 

1.91 

303.6 i 

117.7 

1.23 

2.43 

1.98 

291.2 

23.9 

2.32 

4.97 

2.14 

292.1 

168.1 

2.33 

4.83 

2.07 

279.6 

236.8 

4.63 

9.67 

2.09 

278.3 

79.5 

5.72 

11.52 

2.02 

269.0 

195.3 

11.67 

23.60 

2.04 

256.2 

208.3 

26.30 

1 54.20 

2.06 

243.6 

274.1 

74.50 

165.30 

2.08 


TABLE 2 


Velocity comtants 


TEICPEKATURE 

po 

ifeX10» 

TEMPESATUSE 

po 

k X 

• c . 

mm. Hg 

secr^ 

• c . 

mm. Hg 


303.8 

132.9 

9.33 

279.6 

236.8 

2.054 

303.3 

102.6 

9.40 

278.3 

160.0 

2.042 

303.5 

117.7 

9.60 

278.7 

51.8 

1.935 

303.4 

13.6 

9.56 

278.3 

79.5 

1.918 

303.5 

111.9 

9.76 

268.6 

143.0 

0.980 

303.1 

202.7 

9.31 

268.7 

113.6 

0.968 

303.1 

59.4 

9.44 

268.8 

263.1 

1.000 

303.1 

127.2 

9.43 

269.0 

195.3 

0.975 

303.2 

84.3 

9.34 

268.1 

88.1 

0.962 

291.4 

116.8 

4.40 

264.9 

205.9 

0.357 

291.4 

128.6 

4.39 

255.1 

65.3 

0.371 

291.8 

130.8 

4.61 

255.2 

126.6 

0.386 

291.5 

176.6 

4.47 

255.2 

163.4 

0.392 

292.1 

122.3 

4.40 

255.4 

140.0 

0.391 

291.9 

167.4 

4.69 

256.2 

208.3 

0.413 

292.1 

71.4 

4,80 

256.3 

126.5 

0.415 

292.1 

158.1 

4.59 

255.7 

101.3 

0.412 

291.5 

136.8 

4.69 

256.8 

224.5 

0.412 

291.2 

23.9 

4.44 

255.6 

50.0 

0.383 

291.4 

51.3 

4.50 

242.2 

181.1 

0.146 

290.9 

28.7 

4.43 

242.6 

150.0 

0.138 

291.4 

55.5 

4.70 

243.4 

146.6 

0.148 

278.4 

141.8 

1.960 

243.6 

274.1 

0.147 

279.1 

279.3 

! 107.4 

189.1 

1.953 

1.989 

242.7 

172.6 

0.151 


velocity constants given in the last column of this table are the values given in 
the third column corrected to 291 ®C. The average value of the constants given 
in the last column is 4.46 X 10“* compared to the value 4.38 X 10“* obtained 
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from the preceding equation. It is apparent that the value of k is not decreasing 
with the pressure and that the pressure at which falling off in k will be obtained 
is less than 3.8 mm., as would be expected for a molecule as complicated as 
ter^-butyl acetate. 


DISCUSSION 

The analytical data of Hurd and Iffunck (G), together with the fact that the 
pressure doubles, indicate that the decomposition of /er/-butyl acetate occurs 
according 1o the equation 

ClhCOi)C{C\U), — (C]h)^V^C}h + CHsCOOH 

and that tlui equilibrium lies far to the right. It is of interest to determine 
whothei’ thermodynamic data would predict an equilibrium favoring the 
products and insignificant dimerization of acetic acid at the temj:)eratures and 
pressures used in our experiments. 


TABLE 3 


Low-pressure experiments 


TFSIPERATURK j 

po 

k X JO^ 

Jk X 10* 

•c 

mm. 

sec.~^ 

seer* 

2^)1. 40 

17.0 

4.32 

4.21 

21H.45 

16,0 

4.99 

4.86 

290,20 

12.8 

3.80 

4.03 

290,75 

10.4 

4.44 

4.51 

290.80 ! 

9.9 

4.27 

4.33 

291,20 

6.3 

4.80 

4.72 

290.80 

5,8 

4.42 

4.48 

291.25 

5,5 

3.84 

3.77 

291.30 

3.8 

5.35 1 

5.27 


Since the decomposition of the ester is an endothermic reaction, the eciuilibrium 
constant was calculated at 525°K., wliich is approximately the lowest tempera- 
ture at which rate measurements were made. Unfortunately, the free energy of 
formation of /er^butyl acetate is not known, so that approximations must be 
made. An approximation based on the methods of Parks and Huffman (9) 
yielded AP at 525‘^K. = — 10,600 cal. for the reaction as written above. Another 
approximation, based in part on the free-energ\' equations of Bruins and Czar- 
necki (1), gives at 525°K. AP® = — 12,G(K) cal. As these values yield an equi- 
librium constant of about 10®, it is obvious that the reaction is essentially com- 
plete as written. For the dimerization of acetic acid there are available the data 
of MacDougall (7) and Fenton and Garner (5). At 525°K. both sets of data 
predict approximately an equilibrium constant around 5 X 10"* for the dissocia- 
tion of the dimer. Assuming that acetic acid vapor is present at a partial 
pressure of 300 mm., which is higher than any pressure encountered in our data, 
the degree of dissociation of the dimer is around 0.98, a value which is sufficiently 
high to indicate that dimerization would not affect the pressure readings. 
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It appears that the polymerization or decomposition of isobutylene does not 
proceed at appreciable velocities under the conditions of our experiments. The 
thermal polymerization of isobutylene has been investigated by Steacie and 
Shane (11), and their data indicate that the rate of polymerization would be very 
small at the temperatures used here. The pyrolysis of isobutylene is known to 
occur at temperatures higher than the temperature at which polymerization is 
rapid. 

The decomposition of ^er^butyl acetate is very likely a unimolecular reaction. 
The simplicity of the products and the low temperatures required for decomposi- 
tion would indicate that a chain mechanism involving free radicals is not an im- 
portant part of the reaction mechanism. Assuming that the decomposition 
process is unimolecular, the conventional picture would visualize the approach 
of the carbonyl oxygen of the ester to a hydrogen atom on one of the methyl 
groups, leading to the formation of a cyclic six-membered ring which by electron 
shift splits into isobutylene and acetic acid. It is assumed that the ring is closed 
by the formation of a hydrogen bond between carbon and oxygen. This type of 
hydrogen bond has not been recognized at room temperatures, and it appears 
unlikely that it would exist at higher temperatures. An equally valid visualiza- 
tion of the decomposition would have the ether oxygen approach a hydrogen 
atom on the methyl group, forming a cyclic four-membered ring which then 
decomposes. Be(;ause of strain energj’’ the four-membered ring is apparently a 
less popular concept than the six-membered ring. On the basis of the transition- 
state theory the foimation of a cyclic ring should result in an abnormal frequency 
factor, but reference to equation 1 shows that the frequency factor is normal for 
the decomposition of ^er/-butyl acetate. It seems unlikely that a cyclic inter- 
mediate is the explanation of the reaction mechanism. 

Ethyl acetate is reasonably stable at 290 °C., wliile /^rM)Utyl acetate de- 
composes rapidly at this temperature. At 550^^0. Hurd and Blunck (6) found 
that the main products of the decomposition of ethyl acetate were ethylene and 
acetic acid, but that small amounts of acetaldehyde, formaldehyde, methane, 
hydrogen, carbon monoxide, and ketene were present. The complexity of the 
products suggests that a complicated mechanism is operative in the decomposi- 
tion of ethyl acetate. The difference in the behavior of ethyl acetate and teri- 
butyl acetate is paralleled by ethyl bromide and tert-huiyl bromide. Ethyl 
bromide decomposes, entirely or in part, by a bromine atom chain, while ierU 
butyl bromide decomposes in a unimolecular process. The substitution of two 
hydrogen atoms for two methyl groups in terl-Xmtyl acetate or /^rf-butyl bromide 
gives a molecule of greater stability. One feels intuitively that the difference in 
inductive effects between two methyl groups and two hydrogen atoms is not 
sufficiently great to account for the observed difference in stability. While the 
lack of a chain mechanism in the decomposition of ^er^-butyl compounds might 
be explained by the assumption that isobutylene reacts readily with free radicals 
and inhibits the chain, such an assumption does not explain wliy the unimolecular 
process in the decomposition of tert-hniyl compounds should have a loAver energy 
of activation than the chain process in the decomposition of the corresponding 
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ethyl compound. It appears that some peculiarity accompanies the itcr^butyl 
grouping, but tho nature of this peculiarity is not apparent,. 

SUMMARY 

1. The thermal decomposition of lert-hntyl acetate into isol)utylene and acetic 
acid has been studied by a static method in the temperature range 243““303°C. 
and at pressures from 5 to 275 mm. 

2. reaction in ti’eated glass flasks is homogeneous and has an energy of 
activation of 40, 500 c.al. 

3. The variation of the v(4()city constant, A*, with absolute temperature, T, is 
given by the ecpiation: 


log A- (see"') = 13.342 


40,500 

2.3/ri’ 


4. It is suggested that the decom{)osition is a unimolecular pi-ocess. 
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THE EFFECT OF SURFACE-ACTIVE AGENTS UPON DISPERSIONS OF 
LEAD MONOXIDE IN XYLENE 

11. DAMERELL and M. J. VOGT 
Department of Chemistry, Western Reserve University, Cleveland, Ohio 

Received July t4, 1947 

The work herein described is a continuation of the study of the effect of surface- 
active agents upon the particle-size distribution of solids dispersed in xylene. 
In this paper dispersions of finely divided lead monoxide (litharge) have been so 
investigated. 

CHEMICALS 

The xylene was a Merck reagent-quality product which was further purified 
by a fractional distillation over barium oxide, to remove water. The fraction 
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used for the work was a mixture of o- and m-xylenes boiling between 137® anfj 
138.5®C. The lead monoxide was a Harshaw Chemical Co. product with a lead 
content corresponding to 99.4 per cent PbO. It was a powder of such finunp^ 
that 0.2 per cent remained suspended in xylene after 2 hr. with no surface-active 
agent present. The additives used in connection with the lead oxide and xylene 



Fro. 1. Sedimentation curve with tangents. Oleic acid used as surface-at^tive agent. 

were four: sodium dioctyl sulfosuccinate (Aerosol OT), lecithin, oleic acid, and 
sulfur. These were all of the purest grade obtainable. 

PBEPAEATION OP LEAD MONOXIDE-XYLENE SYSTEMS 

Systems for study contained 500 ml. xylene, 0.5000 g. lead monoxide, and 
^.001 mole of surface-active agent. These amounts were chosen for the reasons 
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given in previous papers (1, 2, 3). To avoid the effect of varying amounts of 
water all systems used for study were prepared at the same time, using the freshly 

TABLE 1 


Data for a typical sedimenlatton curve — oleic acid 


(1) 

(2) 

(3) 

f4)"‘ 

(5) 

(6) 

' (7) 

(8) 


(10)' 

(iT)" 

WEIGHT 
OK SIGHT 
PAN 

CHANGE IN 
WEIGHT 

HEIGHT* 

TEMPtR- 

ATUKF 

VOLirMF 

rORRfXS 

TION 

TI.MPERA- 
TURE COR- 
SFXTION 

TOTAL 

CORREC- 

TION 

CORRFXT 

WEIGHT 

WEIGHT 

SKTTLEH 

WEGHT 

SETTLED 

rORRECTFD 

TIME 

grams 

grams 

X. 

r. 

grams 

grams 

grams 

grams 



mtn. 

2.626 


-0.3 

24.8 

-0.0031 

-0.0075 

-O.Oll 

2.615 

O.(KK) 

0.000 

0.0 

2.660 

0.034 






2.649 

0.034 

0.035 

0.9 

2.670 

0.010 






2.659 

0.044 

0.045 

1.3 

2.680 

0.010 






2.669 

0.054 

0.055 

2.1 

2.690 

0.010 






2.679 

0.064 

0.065 

3.2 

2.695 

0.005 






2.684 

0.069 

0.070 

4.0 

2.700 

0.005 


; 




2.689 

0.074 

0.075 

5.3 

2.705 i 

0.005 


j ' 




1 2.694 

0.079 i 

1 0.080 

7.5 

2.708 

0.003 

i 

1 i 




! 2.697 

0.082 

0.083 

9.8 

2.709 

0.001 


' i 

1 

1 



2.698 

1 0.083 

0.084 

10.9 

2.710 

0.001 






2.699 

0.084 

j 0.085 ! 

11.5 

2.711 

0.001 

1 i 

j 





I 2.700 

0.085 

0.086 

12.7 

2.712 

0.001 

1 


i 


1 

i 

2.701 

0.086 

0.087 

15.7 

2.713 

0.001 





1 

2.702 

0.087 i 

0.088 

18.0 

2.714 

0.001 

-0.4 

24.7 

-0.0037 

-0.0073 

-0.011 

2.703 

1 0.088 

0.089 

23.2 

2.715 

0.001 



1 

i 1 

i 

2.704 

. 0.089 

0.090 

30.5 

2.720 

0.005 

-0.5 

24.2 

-0.0045 

1-0.0066 

-0.0131 

1 1 

2.709 i 

1 0.094 

! 

' 0.095 

1 

300.0 


* The thermometer stem was also used to measure the height of the xylene. 


TABLE 2 


Weight of ee tiled material for different radius intervals --oleic acid 


(1) 


(3^ 

(4) 

(S'. 

(6) 

tangent 

RADIU.S 

ABSCISSAE 

WEIGHT 

PARTICLE -SIZE DISTRIBUTION 

NUMBER 

TIMES 

INTERCEPTS 

Weight 

1 Weight percentage 


cm. X nr* 

min. 

grams 

grams 

per cent 

1 

12 

0.45 

0.002 

0.002 

2 

2 

10 

0.65 

0.005 

0.003 

3 

3 

8 

1.02 

0.011 

0.006 

6 

4 

6 i 

! 1.&3 

0.030 : 

0.019 

20 

5 ' 

i i 

1 2.61 

0.040 j 

0.010 

11 

6 1 

4 ! 

! 4.08 

0.050 

0.010 

11 

7 1 

3 

7.26 

0.064 1 

0.014 

15 

8 

2 

16.3 

0.086 

i 0.022 1 

23 


Less than 2 

300. 

0.095 j 

0.009 1 

9 



) 

i 

Total i 

1 

0.095 1 

100 


distilled xylene and carefully dried lead oxide. Each bottle of suspension was 
tlipp with paraffin until it was used. This procedure did not eliminate 

traces of water, but it tended to keep the water content constant. 

When a system was to be examined the paraffin seal on the bottle was broken 
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and a little xylene was removed. The surface-active agent was dissolved in this 
xylene, which was then returned to the bottle. 

MEASUREMENT OF PARTICLE-SIZE DISTRIBUTION 

Sedimentation analysis was used to determine particle*size distribution. The 
apparatus used for this has been described previously (1, 2, 3). After addition 
of the surface-active agent as described above, each bottle was shaken 150 times 
immediately prior to the start of the sedimentation analysis. The contents of 
the bottle were then poured rapidly into a DeAvar flask containing a balance pan. 
The moment pouring ceased a stop watch was started. The flask and balance 
pan were quickly put in position in a sedimentation balance and weighing started. 
After practice, the time required to do the steps just enumerated following 


TABLE 3 

Effect of 0.001 mole of surface-active agent upon 0.5000 g. of lead monoxide dispersed 

in 500 ml. of xylene 





PARTICLE-SIZE DISTRIBUTION IN WEIGHT PERCENTAGES 


SURFACE-ACTIVK AGENT 


Above 12 

10-12 

8-10 

6-8 

4-6 

3-4 

2-3 

0-2 



microns 

microns 

microns 

! microns 

microns 

microns 

microns 

microns 



radius 

radius 

radius 

radius 

radius 

radius 

radius 

radius 

Blank .... j 

f(i) 

22 

5 

9 

10 

22 

14 

10 

7 

1(2) 

21 

5 

8 

10 

21 

16 

11 

7 

Sulfur . j 

f(l) 

3 

3 

5 1 

24 

21 

13 

17 

11 

[(2) 

3 

4 

4 1 

23 

24 

13 

19 

11 

Lecithin . . | 

f(l) 

6 

10 

7 

10 

20 

16 

23 

s 

1(2) 

7 

10 I 

8 

10 

16 

16 

23 

1 

10 

Sodium dioctyl sulfo- 1 

f{l) 

4 

6 

5 

15 

17 

14 

23 

15 

succinate 1 

i(2) 

4 1 


10 

14 1 

23 

15 

16 

11 

Oleic acid | 

'(1) 

.(2) 

3 

2 

CO 

6 

6 

19 

20 

22 

21 

15 

15 

22 

23 

10 

10 


shaking was 0.4 db 0.02 min. Sedimentation analyses were then run as previ- 
ously described, care being taken to correct for errors due to temperature changes, 
evaporation, and other factors (1). A typical result from such an experiment 
is shown in table 1. The corrected sediment weights, shown in column 10 in 
table 1, w^ere then plotted against time (column 11), as shown in figure 1. Tan- 
gents drawn from this curve with a tangentimeter gave the weight of settled 
material corresponding to stated radius intervals, and results were obtained as 
in table 2. Column 4 in table 2 gives the weight of particles where the tangents 
intercept the y-axis. Column 5 gives the weight of the particles within the 
indicated size range, and column 6 expresses this weight particle-size distribution 
in per cent. The calculation of radius corresponding to a given time of settling 
was made by using the Stokes law equation, as described earlier (1, 2, 3). 




RATE OP EVAPORATION OF LIQUIDS 


367 


The percentage particle-size distribution results for the four systems studied 
are given in table 3. This distribution applies only to about 20 per cent of 
the lead monoxide which remained in suspension after pouring. Nevertheless, 
it was suflficient to indicate the effect of the surface-active agent. 

SUMMARY 

The effect of sulfur, lecithin, sodium dioctyl sulfosuccinate, and oleic acid 
upon the particle-size distribution of lead monoxide dispersed in xylene has been 
studied. All of these substances were effective in lowering the average size of the 
lead monoxide particles. 
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1. INTRODUCTION 


The maximum possible rate of evaporation of a liquid occurs during vaporiza- 
tion into a vacuum. The actual rate of evaporation observed in experimental 
tests is always less than this maximum possible rate. Treatments for specific 
experimental conditions have been reported in the literature (2, 11, 12). 

An expression for the maximum possible rate of droplet vaporization may be 
derived from the kinetic theory of gases. For the evaporation of spherical 
droplets, the resulting relation may be written as follows (3, 6, 9) : 


dr / M_ 

dt Pi y 2 tRT 


0 ) 


where r == radius of the spherical droplet at, the time /, 

I\ = vapor pressure of tlie liquid at the absolute temperature T, 

M = molecular weight of the evaporating liquid, 
pi == density of the liquid, and 
R = gas constant per mole. 

iVn alternate expression for the maximum possible rate of decrease of droplet 
radius with time (-dr/dO may be obtained by considering the behavior of the 
molecules at the surface of an evaporating liquid. 
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II. A THEORY FOR THE RATE OF EVAPORATION OP LIQUIDS 

Since vaporization is a surface phenomenon, the rate of loss of molecules from 
a spherical droplet would be expected to be proportional to the number of 
molecules exposed at the surface, i.e.. 



( 2 ) 


where = total number of molecules in a spheripal drop, 

lit, = number of molecules exposed at the surface, and 
k = proportionality constant which depends on temperature. 

Only the molecules which are exposed at the droplet surface and also have 
enough energy to escape are in a position to vaporize at any given time. The 
rate constant k may therefore be equated to the frequency of oscillation of ener- 
getic molecules multiplied by a factor expressing the probability of the occurrence 
of activated molecules. The frequency of oscillation, in turn, may be set equal 
to the frequency of collision of energetic molecules at the droplet surface with 
other liquid molecules.^ Collision between an energetic molecule and another 
liquid molecule may be followed by a redistribution of energy resulting in the 
escape of one of the molecules from the liquid surface and leaving a liquid mole- 
cule of average energy in the droplet.^ 

A Maxwell-Boltzmann velocity distribution for the liquid molecules is as- 
sumed throughout the following discussion (6, 8). 

If AiJvnp represents the activation energy per mole for evaporation, then 


excited molecules, with energies in excess of AEv^,, per mole, are present at the 
droplet surface at a given time. 

The mean collision frequency of energetic molecules at the droplet surface 
may be equated to the root-mean-square velocity of energetic molecules divided 
by the mean free path. The root-mean-square velocity of the molecules with 
energy in excess of AJEirap is calculated by application of the Maxwell-Boltzmann 
distribution law in two dimensions. Accordingly, the number of molecules, 
dn^, with energy per mole between E and E + dE is given by the relation: 


driK 


Jls —BiRT 

RT ' 


dE 


( 4 ) 


* This mechanical model for evaporation should be regarded as a highly approximate 
description of a complicated phenomenon. A * ** bubble theory' ’ for evaporation has re- 
cently been described by O. K. Rice (J. Chem. Phys. 16, 314 (1947)). The quantitative 
kinetics of evaporation is discussed by Jellinek (5) . 

* Note added in proof: At the suggestion of Professor J. G. Kirkwood, the kinetics of va- 
porization have been treated by use of Eyring's theory of reaction rates. Good agreement 
with Knudsen’s equation can be obtained if the activated complex formed during evapora- 
tion and sublimation is considered to behave like a gaseous molecule. It is possible to 
justify the assumption that the frequency factor for evaporation is equal to the collision 
frequency of energetic molecules by combining the results obtained from the statistical 
analysis with an empirical equation. 
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The square of the linear velocity of molecules with energy E per mole is 

c® = 2E/M 
hus 

^ =: ^ f Htt .-SIRT 

n. j /jy C ■ M ^ 


c* = ^ (A£v.p + RT) (6) 

The root-mean-square velocity of molecules with energy in excess of A£Up 
per mole is therefore 


C’ = Vc* = 


since (4, p. 477) 


(A£v.p + RT) 


Mv.p + RT = AHy 




It can be seen from equations 6 and 8 that the kinetic energy per mole of 
molecules with energy in excess of the activation energy for evaporation is equal 
to the heat of vaporization per mole. 

If L represents the mean free path of the liquid molecules, then the energetic 
molecules make C/L collisions per second on the droplet surface. By analogy 
with chemical reactions the rate (jonstant k may therefore be expressed as follows: 


k = 5 

Ld 




where C/L represents a frequency factor and e is the base of the natural 
logarithms. 

From equations 2 and 9 it follows that 


^ i 

J L y 


Uap -A£fvap/«r 
r ^ 


For a sphere of radius r: 


rig = 




where n, the number of molecules per cubic centimeter, is given by the relation 


= PI 


and N represents the Avogadro number. 

The mean free path L of the molecules in a liquid is approximately given by the 
following relation (4, p. 480) : 
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Here u represents the velocity of sound in the liquid, and 7 is the ratio of the 
specific heat at constant pressure to the specific heat at constant volume of the 
evaporating compound. 

Combining equations 10 to 13 leads to the desired result: 

III. COMPARISON BETWEEN THE THEORETICAL EXPRESSIONS FOR THE MAXIMUM 
POSSIBLE RATE OF VAPORIZATION 

Equations 1 and 14 may be used to calculate the rate of decrease of droplet 
radius with time, provided experimental data are available for the vapor pressure, 
heat of vaporization, and sound velocity. Results for a number of different 
liquids near room temperature arc summarized in table 1. 

Reference to the data summarized in table 1 indicates that the values of 
— dr/d/ calculated from equations 1 and 14 are generally of the same order of 
magnitude. The agreement is relatively poor for associated liquids such as 
water, methyl alcohol, and ethyl alcohol. Comparison of the data for the 
straight-chain hydrocarbons, ?i-pcntane to n-octane, indicates that the dis- 
crepancy between calculated values increases with chain length. Finally, it 
should be noted that the value of —dr/d/ near room temperature calculated 
from equation 1 is, in nearly all cases, greater than the value obtained from 
equation 14. Mercury and carbon disulfide are notable exceptions to this rule. 
The singular behavior of mercury is not surprising, since liquid metals are known 
to exhibit peculiarities. For example, liquid metals do not conform to Pitzer's 
definition of a perfect liquid (10). 

Some of the observed discrepancies may probably be ascribed to errors in 
numerical values of the experimentally determined quantities. The relatively 
large differences observed for associated liquids and the longer straight-chain 
paraffins may possibly be explained by the failure of either ecpiation 7 or equation 
13. Equation 13 was derived by treating the individual liquid molecules as free 
spheres (4), an approximation which would be expected to be relatively poor for 
strongly associated liquids or for straight-chain hydrocarbons . 

It may be of interest to note that the disagreement between the calculated 
values for —dr/d/ can be somewhat reduced for carbon disulfide by replacing 
equation 13 with the corresponding relation for the mean free path in a liquid 
obtained from the equation of Eyring and Ilirschfelder (1). The free volume of 
carbon disulfide at 20®C. calculated from the formula of Eyring and Ilirschfelder 
is nearly twice as great as that derived from equation 13. Use of the relation 
derived by Eyring and Ilirschfelder would therefore increase the value of R 
given in table 1 for carbon disulfide from 0.46 to 0.56. (See footnote of table 1 
for the definition of R.) 

The temperature dependence of —dr/d/ is different in equations 1 and 14. 
It is therefore of interest to compare calculated values of — dr/d/ for the same 
liquid at a number of different temperatures. In order to extend the range of 
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calculation, it proved necessary to extrapolate some of the available experimental 
data. Although this step introduced an added uncertainty, the order of mag- 
nitude of the calculated results should not be changed. Relevant data for 
water, benzene, carbon tetrachloride, chloroform, and mercury are summarized 
in table 2. 

Reference to the data summarized in table 2 indicates that the values of 
— dr/d/ calculated from equation 14 increase more rapidly with temperature 

TABLE 1 


T'he maximum possible rate of decrease of droplet radius with time near room temperature 

for a number of liquids* 


j 

COMPOUND 

TEMPERATURE 

—df/d/ CALCULATED 
FROM EQUATION 1 

— dr/d/ CALCULATED 
FROM EQUATION 14 



“C. 

cm.! sec 

cmjsec. 


Water . 

25 

0.342 

0.0493 

7.0 

Methyl alcohol 

25 

3.01 

0.467 

6.4 

Ethyl alcohol 

1 20 

1.28 

0.0476 

27 

n-Pentane 

1 25 

23.8 

29.4 

0.81 

n -Hexane i 

i 

25 

7 37 

4.53 

1.6 

Cyclohexane . 

18.4 i 

2 92 

1.87 

1.6 

n-Heptane 

25 

2.29 

0.660 

3.5 

n -Octane i 

25 1 

0.750 

0.0991 

7.6 

Acetone 

25 i 

1 7.45 

3.70 

2.0 

Ethyl other 1 

20 i 

i 18.2 

14.4 

1.3 

Benzene j 

20 

i 

2.56 

1.68 

1.5 

Pyridine ! 

20 

0.475 

0.131 

3.6 

Ohloroform 

20 

3.96 

3.31 

1.2 

C-arbon tetrachloride 

20 

2 41 

1.94 

1.2 

Carbon disulfide j 

20 

1 7.03 

15.3 

0.46 

Mercury i 

I 

20 

4.28 X 10-» 

16.1 X 10-» 

0.27 


* Most of tho data on vapor pressure, heat of vaporization, and sound velocity were 
obtained from the Landolt-Bornstein Tabellen and the Handbook of Chemistry and Physics. 
Vapor pressures and heats of vaporization for the hydrocarbons were obtained from the 
results published by the American Petroleum Institute, Research Project 44. 

1/2 = ratio of —dr/d/ calculated from equation 1 to —dr/d/ calculated from equation 14. 

than the values calculated from equation 1. As the result, R decreases as the 
temperature increases for all of the liquids considered. 

From the numerical values given for benzene, carbon tetrachloride, and chloro- 
form, it can be seen that equations 1 and 14 lead to identical results for these 
compounds at approximately 4()°C. 

The value of R for water is found to decrease rapidly as the temperature is 
raised but does not reach unity even at the normal boiling point, i he results 
for associated licjuids may not be significant because of some of the uncertainties 
inherent in the derivation of equation 14. 
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In conclusion, it might be pointed out that the preceding analysis offers the 
possibility of an independent estimate for the free volume of a liquid. If equa- 


TABLE 2 


The maximum possible rate of decrease of droplet radius with time at different 
temperatures for a number of liquids 


COliPOUND 

TEMFEKATUSE 

— dr/d/ CALCULATED 
rSOM EQUATION 1 

—dr/d/ CALCULATED 
FEOlt EQUATION 14 

R 


®C. 

cm./ sec. 

cm. /sec. 


Water 

0 

0.0537 

0.0063 

8.5 


5 

0.0972 

0 0099 

9.8 


10 

0.136 

0.0149 

9.1 


15 

0.187 

0.0225 

8.3 


20 

0.254 

0.0336 

7.6 


30 

0.455 

0.0716 

6.4 


40 

0.780 

0.145 

5.4 


100 

10.17 

4.54 

2.2 

Benzene 

10 

1.57 

0.889 

1.8 


20 

2.56 

1.68 

1.5 


30 

4.03 

3.07 

1.3 


40 

6.15 

5.38 

1.1 


50 

9.11 

9.10 

1.0 

Carbon tetrachloride 

0 

0.883 

0.585 

1.5 


10 

1.49 

1.09 

1.4 


20 

2.41 

1.94 

1.2 


30 

3.77 

3.37 

1.1 

¥ 

40 

5.67 

5.69 

1.0 


50 

8.31 

9.41 

0.88 

C^hloroform 

0 

1.55 

0.994 

1.6 


10 

2.50 

1.85 

1.4 


20 

3.96 

3.37 

1.2 


30 

6.04 

5.81 

1.0 


40 

8.92 

9.73 

0.92 


50 

12.7 

15.5 

0.82 

Mercury 

0 

6.80 X 10-^ 

22.5 X 10-^ 

0.30 


20 

4.28 X 10“« 

16.1 X 10-* 

0.27 


40 

2.10 X lO-*® 

9.4 X 10** 

0.22 


60 

8.50 X 10"» 

43.0 X 10*» 

0.20 


80 

2.91 X 10-* 

16.9 X 10** 

0.17 


100 

8.74 X 10“^ 

56.9 X 10“* 

0.15 


150 

8.52 X 10~» 

71.0 X 10*» 

0.12 


200 

5.01 X 10-* 

51.4 X 10-« 

010 

— -/Ml, 


tions 1 and 14 are identical, then the cube root of the free volume F/ * 
be calculated from the relation 




= £ may 
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Universal Oil Products Company, Chicago, Illinois 

Received August SO, 1947 

In the course of studying data from a complete literature survey of the physical 
constants of hydrocarbons, it became apparent that numerous gaps exist. Many 
of the possible hydrocarbons are not known, and many known compounds have 
not been investigated from the standpoint of their physical constants. Our 
study showed that of the astronomical number of possible hydrocarbons only 
about fifty-two hundred have been investigated. 

The problem of the correlation of physical properties with structure is one 
which has engaged the attention of an ever-increasing number of scientists. 
From the time of Kopp, in the middle of the nineteenth century, to the present 
time numerous correlations have been proposed, varying broadly in scope and 
accuracy. Many of the early attempts covered a wide field and included both 
hydrocarbons and compounds with functional groups. In recent years, as more 
data became available, the tendency has been to narrow’ the field in the interests 
of greater accuracy. 

The ciuestions may be asked: Why is so much effort expended in developing 
correlations? What purpose do they serve? On the practical side, correlations 
make it possible to predict the physical constants of unknown compounds and, 
in addition, inaccuracies in existing data may be located and corrected. From 
the more theoretical point of view, correlations play an important role in the 
evaluation of structural effects and provide a basis for the interpretation of 
chemical and physical phenomena. 

It is apparent that an indispensable condition, Avithout wdiich no correlation 
is possible, is the availability of reliable data on w’hatever property is under 
consideration. 

Data used in correlations must be for pure compounds of definite and knoAvn 
structure. The importance of purity cannot be overemphasized; many of 
the older physical constants data are unreliable because of the presence of 
impurities. Recent developments in hydrocarbon chemistry have improved 
this situation, and it is now’ more feasible to prepare and purify a desired com- 
pound. A study of the literature will usually reveal whether synthesis or isola- 
tion from a natural source will be more satisfactory from the standpoint of ease 
of purification. Once the compound has been prepared, its purification depends 
on the amount and nature of the impurities. The time-honored method of 
fractional distillation is being supplemented by other techniques, such as azeo- 
tropic distillation, extraction, fractional crystallization, and the method of 
percolation through adsorbents. In addition to techniques of purification, new 
methods are available for testing the purity of the product. These include 

* Presented before the Division of Petroleum Chemistry at the 112th Meeting of the 
American Chemitjal Society, which was held in New York City September 15-19, 1947. 
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quantitative study of time-freezing curves (12), anal3rsis of ultraviolet and in- 
frared absorption spectra, and use of the mass spectrometer. By employing 
one or more of these methods the nature of the impurities as well as their amount 
is revealed, and further purification is facilitated. 

When the desired purity has been attained, the determination of the physical 
constants should be carried out with equal care. Accurately calibrated appara- 
tus and rigid control of conditions are necessary. Preferably, each constant 
should be determined over a range of conditions, — ^for example, the boiling point 
at varying pressures, and the density and refractive index at a number of tem- 
peratures. 

Among the hydrocarbons, the number and accuracy of the physical constants 
data vary widely from one class of compounds to another. In order to illustrate 
these variations, an analysis of the data appearing in the four volumes of Physi- 
cal Constants of Hydrocarbons (7) has been made. Table 1 shows the total number 
of hydrocarbons in each class, and the percentage of compounds for which each 
physical constant has been recorded. These figures indicate only the percen- 

TABLE 1 


Compounds for which physical constants have been recorded 


CLASS OP HYOftOCAKBONS 

TOTAL 
NUMBER OF 
COMPOUNDS 

MELTING 

POINT 

BOILING 

POINT 

DENSITY 

REFRACTIVE 

INDF.X 



per cent 

per cent 

per cent 

per cent 

Alkane. ... 

196 

60.2 

88.8 

85.2 

76.5 

Unsaturated aliphatic 

601 

19.6 

96.2 

81.5 

73.4 

Alicyclic 

1242 

22.3 

87.2 

79,8 

73.9 

Mononuclear aromatic — 

1400 

43.2 

68.2 

48.9 

43.9 

Polynuclear aromatic 

1728 

82.6 

32.8 

15.4 

13.9 


tages of compounds for which at least one value of a physical constant has been 
recorded. They give no clue as to the quantity and reliability of the data. 

Taking the alkanes as a basis for comparison, differences among the classes 
may be readily analyzed. It should be noted that the state of aggregation at 
normal temperatures is an important factor influencing the determination of 
physical constants. For example, data on melting points are more numerous 
for solid compounds and on boiling points for liquids. For the unsaturated 
aliphatic hydrocarbons, the proportion of compounds for which melting points 
have been recorded is far smaller than for the alkanes, that of boiling points 
somewhat greater, and that of density and refractive index about the same. 
The alicyclic and mononuclear aromatic compounds have a smaller proportion 
of all four constants, and the polynuclear aromatics exceed the alkanes only in 
the percentage of meltmg points, the other three constants bemg distinctly 
fewer. The cause of the distribution of percentages for the polynuclear aromat- 
ics is that for a large proportion of these compounds the melting point is the 
only constant which has been determined. 
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Evidence of the amount of reliable data may be gained from an analysis of 
the ‘‘best values’’ appearing in the Physical Constants volumes (7). In order 
to calculate a “best value” it was necessary to have data sufficiently numerous 
and consistent to form a basis for statistical treatment to find the most probable 
correct value for a given constant. The figures representing the percentages of 
“best values” are shown in table 2. 

The most striking fact brought out by this table is the paucity of reliable data 
for the known hydrocarbons. Even among the alkanes, the data for almost 60 
per cent of the compounds are insufficient for the calculation of any “best values” 
whats( ever. About 85 per cent of the xmsaturated aliphatics and 95 per cent 
of each of the other three classes of hydrocarbons have been so superficially 
studied that no “best values” can be computed. 

From table 2 it is apparent that the data for the alkanes are more nearly com- 
plete than for any other class of hydorcarbons. The data on the alkanes have 
been further amplified by the authoritative values recently determined at the 
National Bureau of Standards (27). This investigation included all the paraf- 


TABLE 2 

Compounds for which ^^besi values' ' hare been computed 


CLASS OF HVI)R<X:A*B0NS 

TOTAL 
NlrtlBER OF 
COMPOUNDS 

MELTING 

POINT 

BOILING 

1 POINT 

1 

DENSITY 

1 

REFRACTIVE 

INDFX 

Alkane... 

Unsat u rated aliphatic, . . 

Alicyolio 

Mononuclear aromatic 

Polynuclear aromatic 

196 

601 

1242 

1400 

1728 

per cent 

28.1 

4 0 
0.2 
4.9 
4.5 

per cent 

35.7 

16.5 

2.7 

5.6 

0.8 

per cent 

41.8 

15.8 
5.1 
6.3 
0.3 

per cent 

32.6 

13.0 

3.5 

4.3 

0.05 

1 


fin isomers from the pentanes through the octanes. Among higher alkanes the 
proportion of isomers which have been investigated decreases sharply, owing in 
part to the large number of possible compounds. 

All of the normal alkanes through pentatetracontane, C^H92, are known, and 
at least one physical constant has been determined for each compound. Above 
this, nine normal alkanes have been investigated, the highest being heptacon- 
tane, C70H142. From propane through normal dodecane “best values” of all four 
constants have been calculated. For the twenty-four compounds from Cw 
through C^, “best values” for all four constants have been determined on only 
five compounds. Above C** the data are insufficient to calculate any “best 
values”, and often the only recorded physical constant is a melting point. For 
the normal alkanes higher than tetracosane, C24H60, boiling points have been 
determined only at pressures below atomospheric, if at all. 

The completeness of the alkane data relative to other classes of hydrocarbons 
is reflected in the large number of correlations for these compounds. Relation- 
ships covering melting points, boiling points, densities, and refractive indices 



390 


N. CORBIN, M* ALEXANDER AND G. EGLOFP* 


have been worked out by Mibashan (23). Boiling points, densities or molecular 
volumes, and refractive indices or molal refractions have been covered by Egloff 
and coworkers (8, 10), Francis (11), and Rossini and coworkers (24). Densities 
and refractive indices have been treated by Huggins (13) and Kurtz and Lipkin 
(21, 22). Calingaert and Hladky (2) have derived relationships for molecular 
volume. Boiling-point relations have been worked out by Bumop (1), Kinney 
(16, 18), Klages (20), and Wiener (25). Ivanovsky and Brancker (15) have 
treated melting points of alkanes. 

The data for the other hydrocarbons present a sharp contrast to those for the 
alkanes. For the unsaturated aliphatic compounds the percentages of “best 
values’’ are far lower than for the alkanes in spite of the fact that the percentage 
of compounds for which a constant has been recorded (table 1) is nearly the 
same. In the case of boiling points, even more have been recorded for the un- 
saturated aliphatics than for the alkanes (96.2 per cent as compared to 88.8 per 
cent), but the percentage of “best values” is only about half of that for alkanes 
(16.5 per cent as compared to 35.7 per cent). This relative dearth of “best 
values” shows that the data for the individual compounds are often scarce and 
unreliable. In many cases only one or two values for a constant are available in 
the literature, ^and in other cases the values recorded by different authors do not 
agree. 

The alkenes or monoolefins have been more extensively studied than the 
other types of unsaturated aliphatics. Even for these, “best values” are very 
scarce above Cio. From C 12 through C'® the only “best values” are those for 
the normal olefins with the double bond in the 1 -position, and above this only 
one “best value”, the melting point of 1-octadecene, has been calculated. 

Correlations for unsaturated aliphatics are less numerous than for alkanes. 
Rossini and coworkers (24) have presented a method for calculating boiling 
points, densities, and refractive indices of monoolefins. Molecular volumes and 
molal refractions of unsaturated aliphatics have been treated by Huggins (14), 
and boiling points by Burnop (1), Klages (20), Kinney (16), and Egloff, Sher- 
man, and Dull (10). 

Alicyclic compounds have been even less thoroughly investigated than the 
unsaturated aliphatics. Although the percentages of compounds for which con- 
stants have been recorded are of the same order of magnitude as for the unsat- 
urated aliphatics, the percentages of “best values” are very much smaller. The 
greater proportion of compounds for which “best values” have been calculated 
are the alkyl derivatives of cyclopentane and cyclohexane. 

The boiling point and the density or molecular volume are the only alicyclic 
constants which have been related to structure. Boiling points are used in the 
correlations of Burnop (1), Klages (20), and Kinney (16, 18), and molecular 
volumes in those of Kurtz and Lipkin (21) and Egloff and Kuder (9). 

Among the mononuclear aromatics, the percentage of compounds for which 
each constant has been recorded is significantly less than for the alkanes. Often 
only one or two different properties have been determined for a compound. For 
example, many compounds are represented only by a melting point or a boil- 
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ing point, whereas most of the lower alkanes are represented by at least three 
and often all four constants. The low proportion of “best values” shows that 
many compounds have been the subject of such a small number of investiga- 
tions that no evaluations can be made. 

For the alkylbenzenes through the C9 compounds, all possible isomers are 
known and have been studied extensively enough so that “best values” have been 
calculated for three or four of the physical constants. In the Cio group twenty- 
one of the twnnty-two possible isomers are known, but only forty-five of a pos- 
sible total of eighty-eight “best values” can be calculated. The Cu group is 
represented by only thirty-six out of fifty compounds, with only eighteen out of 
a possible two hundred “best values”. As the number of carbon atoms increases, 
the proportion of known isomers decreases rapidly. The normal alkylbenzenes 
have been more widely investigated than any of the other isomers, and all of 
these are known through normal docosylbenzene (C28H50), with the exception 
of CwHo,, C2in3fi, C25H44, and C27H48. Of the other series of mononuclear aro- 
matics, such as alkenylbenzenes, alkynylbenzenes, and polyphenyl aliphatics, 
only the first few members are knowm. 

The boiling-point calculations of Bumop (1), Klages (20), and Kinney (17, 19) 
can be applied to mononuclear aromatics, and correlations of boiling point, 
molecular volume, and molal refraction have been worked out for several homol- 
ogous series by Corbin, Alexander, and Egloff (3, 4, 6). 

The polynuclear aromatics have been investigated even less than the mono- 
nuclears. I\)r many of the polynuclears the only recorded physical constant is 
the melting point, and frequently only one or two values for this constant are 
given in the literature. This is shown by a comparison of the figures in table 
1 and table 2. Melting points have been recorded for 82.6 per cent of the known 
polynuclear aromatic hydrocarbons — a greater percentage than for the alkanes — 
but the data are suitable for calculation of “best values” in only 4.5 per cent 
of the compounds. The percentages of “best values” for the other constants 
are so low as to be almost negligible. 

The most extensively investigated group of polynuclears is that of naphthalene 
and its alkyl derivatives. How’ever, the data are scattered and sparse, and even 
the normal alkylnaphthalenes are completely represented only as high as 1- and 
2-butyl derivatives. 

The only correlations which include the polynuclears are the boiling-point 
calculations of Burnop (1), Klages (20), and Kinney (19), and these are very 
general in nature. 

It must.be emphasized that the above citations are not intended to be a com- 
plete coverage of published (correlations, but simply representative examples. 
Even so, it is apparent that the alkanes have been studied more extensively 
than the other classes of hydrocarbons. Not only are the alkanes treated in a 
greater number of studies, but the proportion of compounds to which the rela- 
tions may be applied is larger. In fact it may be said that the boiling point, 
density, and refractive index of any alkane may be calculated with a fair degree 
of accuracy. The method of calculation developed by Taylor, Pignocco, and 
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Rossini (24) can be applied to all alkanes. Likewise the structural determina- 
tion of boiling points set forth by Wiener (25) can be applied to unknown alkanes. 
This method of calculation can also be extended to other physical properties (26). 
The good agreement of values calculated by these methods with the experimen- 
tal data among the lower alkanes indicates that extrapolations to higher members 
should be reliable. 

Calculations according to Taylor, Pignocco, and Rossini (24) are applicable 
to all monoolefins, but the average deviation of the calculated from the experi- 
mental values is appreciably greater than for the alkanes; estimations of prop- 
erties of unknown olefins will therefore be less reliable. 

For the alicyclic hydrocarbons the correlations are few, and cover only a small 
proportion of the possible isomers; extrapolations are possible only for limited 
types of compounds. 

A similar situation exists for the mononuclear aromatics. The work of Kinney 
(12, 13) on boiling points includes different types of aromatic hydrocarbons, 
but the average deviation is rather large. Correlations based on homologous 
series of mononuclear aromatics may be extrapolated to other compounds of a 
particular series, but the majority of compounds are not included in any series 
for which relations have been worked out. In addition, these correlations do 
not represent the experimental data as well as the correlations of aliphatics; 
the average deviations are appreciably larger. The decrease in accuracy of most 
aromatic correlations as compared to those for aliphatics is a reflection of the 
relative quality of the data for these two classes of compounds. 

For pol 3 muclear aromatics no predictions of physical constants can be made 
except for a limited number of boiling points, because of the lack of sufficient 
data on which to base any conclusions. 

The alkanes are the only compounds for which the data permit extensive 
correlations, and even here authoritative values are lacking for the majority of 
compoimds. In order to correct this situation, more and better data on physi- 
cal constants are necessary. The constants should be carefully determined on 
pure compounds. To facilitate the calculation of relationships either of two 
approaches will be helpful: First, to determine the constants of a number of 
hydrocarbons in one homologous series, or second, to determine the properties 
of all possible isomers of a given number of carbon atoms. Investigations of 
physical constants will be more immediately helpful if they supplement exist- 
ing data, rather than open up entirely new fields. For example, a study of some 
higher alkanes and aJkenes would provide a means for testing the validity of 
extrapolations of existing correlations. In the alicyclic group only the hydrocar- 
bons of lower molecular weight have been thoroughly investigated, and studies of 
higher members, especially cyclopentane and cyclohexane derivatives, would make 
possible the extension of correlations which have already been proposed. Among 
aromatic compoimds the number of possible isomers of a given molecular weight 
increases rapidly with the number of carbon atoms, and studies based on homol- 
ogous series will probably be most useful for correlations. Several series of 
mononuclear aromatics have been studied, but in most cases they are short, and 
data on higher members are necessary. In addition, many series have not been 
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investigated at all. Along another line, the data on dialky Ibenzenes are incon- 
sistent, and a comparison of ortho, meta, and para compounds above the xylenes 
would clarify the effect of position of substitution on the physical constants. 
An apparent discrepancy in physical constants data has been noted for the 
pentylbenzenes (5). Both the normal boiling points and the change of boiling 
points with pressure are greater than would be expected for these compounds. 
Accurate vapor-pressure data would make it possible to determine whether 
these compounds really are anomalous, or whether the present experimental 
data are at fault. The polynuclear aromatics have been so little investigated 
that almost any reliable data would be welcome. In order to supplement exist- 
ing data, however, the study of homologous series of alkyl derivatives of naph- 
thalene and indene would be a good starting point. 

Many of the compounds of higher molecular weight for which data are inade- 
quate have boiling points too high to be easily determined at a pressure of 760 
mm. Also, many of the compounds are solid at 20° or 25°C., and their densities 
and refractive indices have not been determined at standard conditions. These 
difficulties may be alleviated by determining the boiling point over a sufficient 
pressure range and the density and refractive index over a sufficiently large 
temperature range so that extrapolation to standard conditions is possible. 
When this procedure is not feasible, correlations may be based on the boiling 
point at a specified low pressure, or on density or refractive index at some tem- 
perature other than 20 °C. 

Supplementing existing data by the accurate determination of physical con- 
stants of pure compounds is necessary in order to serve both practical and theo- 
retical ne.ds, and it is to be ho{)ed that the next few years will produce an in- 
creasing amount of research along this line. While excellent results have already 
been attained, the amount of research so far completed is infinitesimal compared 
to the whole, despite more than a century of effort. 

SUMMARY 

The importance of correlations between the physical properties and the struc- 
ture of hydrocarbons is stressed. The quality and quantity of data needed for 
such correlations is discussed, and the available data analyzed. The analysis 
shows the percentage of knowm alkanes, unsaturated aliphatics, alicyclics, mono- 
nuclear aromatics and polynuclear aromatics for which each of four physical 
constants (melting point, boiling point, density, and refractive index) has been 
recorded. Further analysis shows the percentage of compounds in each class 
for which the data were adequate to calculate a ‘^best value. A comparison 
of correlations covering the different classes of hydrocarbons shows that the 
quality and quantity of data are reflected in correlations. Suggestions are 
made for further research on physical constants. 
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I. INTRODUCTION 

To determine the theoretical rate of flotation of mineral in a cell, it is neces- 
sary to make use of a simplified model of the system, which ignores unimportant 
variables while retaining essential features. Theories of air-mineral adhesion 
are discussed and the direct encounter hypothesis is chosen for detailed investi- 
gation. Any failure of the subsequent theory to describe the kinetics of the proc- 
ess is certainly due to oversimplification of the encounter hypothesis and some 
attempt is made to assess the importance of the simplifications. 
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II, THEORIES OF AIR-MINERAL ADHESION 

Taggart (21) observed that gas is deposited on non-polar surfaces from solu- 
tions supersaturated with the gas. In the subaeralion and agitation machines 
there are regions of high pressure and low pressure liofore and after the impeller 
blade. These pressures produce super- and under-sat u]*at ion, I’espectively, of 
the pulp. Th(‘ air can then precipitab* from the supersaturated liciuid on the 
particles of mineral, and it is postulated that all mineral wliicdi floats has beem 
buoyed to the surface by air attached in this way. Taggart also observed that, 
in one test at least, conditifmed particles falling on stationary air bubbles do not 
adhere, and he th(»refo]’e declares the (encounter process inadecjuate. Despite 
Taggart’s assertion that “this idea (i.e., the encounter hypothesis) (was) con- 
ceived in ignoranc(‘ and })orn in litigation, uas fostered b>' selfisli interest and, 
unfort unat(‘ly, was co])i(‘d into some textbooks”, P>ogdanov and Filanovski (3) 
obtain o})])osit<‘ results in similar tests. They present din'ct evidence by (‘ine- 
matogra])hic rec'ord for the (*ollision theory. Particles with a hydrophobic 
surfac(‘ f(*ll on a stationary air bubbfc' dlaw adhered. Paibbk's lising with a 
spet'd of IS cm s(‘c ^ ^ (about 0.09 cm. radius) collided \Niih and adhered to sus- 
j)end(‘d minimal par(icl(\s (about OOOTo (*ni ladius). Tlie time retjiiired for 
adhesion to th(‘ bubble of suitably conditioned mineial was l)etw(*en 2 and 10 
millisec. 

(»audii\ (Oa) and eai’lier invest igatois j)o^( ulat(‘(l a (hrc'ct encounter, leading 
to adhesion betw'cM'U siispeiak'd mineral and tlie M'^ing laibble. Tr(*ating this 
j)rocess theoretically (uiudin .showed that no eneountei was possible b(‘t\ve(Ti a 
bubbl(‘ and a miiKual })articl(' in an ideal fluid i(*ornpare lat(‘ri. Further, h^ 
stated tliat in some (‘\])(‘nments h<‘ found that “it is \erv ihfhcult to cause cours- 
ing air bubbles to })ick up well-piepared mineral partieh's” (0, j). 92). Despite 
these difficulties (faudin considers that the theory is more ])lau.'-ible than the gas- 
precipitation hypoth('sis, wiiich he criticizes on the grounds that (7) vacuum and 
pressure near the im])eUer blades follow so rapidly that bubble growth is not pos- 
sible; (2) it is not pos.sible for one bubble to gixrw simultaneously on scores of 
particles, yet heavily armoriMl bubbles an' common in suitabk' systems; (^) the 
precipitation theory must lead to equal rat(’s of f!(»tation^ of small and large par- 
ticles, which is not so. TIk' first o})jection is not important, since supersaturated 
pulp could be flung from (he impeller and tlu* grow th of the bubble could proceed 
slowly in pulp distant from agitation (see also page 409). Tlie sc'cond and third 
objections are sufficiently important to warrant dismissal of the' theory as the 
major mc'thod by which mineral is attached to bubbles which buoy it to the surface. 

This conclusion is strengthened by the observation of ^Malozemoff and Ram- 
sey (13), who found that the operating (*apacity of a mechanical flotation cell is 
chiefly dependent upon that volume of the cell through which air bubbles are 
passing. Design of the cell will influence the aerated volume but cannot mark- 
edly influence the supersaturation of dissolved air produced by the impeller. 

In a pneumatic cell supersaturation is still possible but is smaller than in the 

^ The term “rate of flotation” is used in this paragraph in the .sense of the number of 
particles floating per unit time rather than in the sense of the w^eight of mineral floating 
per unit time. 
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mechanical cell, and the oper ation might have been expected to provide evidence 
for the encounter hypothesis. Unfortunat^ely, in the usual operation of a pneu- 
matic cell the large amount of air used obscures the process, since it sweeps much 
pulp into the froth. The life of bubbles in the froth is five to twenty times that 
in the pulp, so that the mineral adheres while in the froth. Plante and Suther- 
land (16) have described a process for separating ergot from rye by pneumatic 
flotation: the floating particles (grain) were never carried mechanically into the 
froth. The coursing air bubbles collided and adhered to grain, the most effective 
part of the cell being immediately above the blanket through which air was in- 
troduced. Gaudin (6b) also considers that the probability of encounter in the 
agitation cell is higher than in the pneumatic cell because the bubbles are small 
and hence provide a large collision area per unit volume; they have a longer life 
in the cell and the ratio of mineral size to bubble size is greater than for the pneu- 
matic cell. These intuitive ideas are not entirely correct, but with modification 
the argument is sound. 

Precipitation of gas on a hydrophobic surface may be a great help in flotation. 
Most flotation operators are familiar with the more rapid flotation of a mineral 
or concentrate which is being refloated. Hallimond (10) showed that preagita- 
tion of xanthate-treated galena with air greatly increased the rate of flotation. 
Usually the induction period (see page 401) is greatly decreased on a mineral 
surface if previous contact has been made with an air bubble. This behavior 
has been ascribed to thin layers of air on the mineral surface, e.g., the observa- 
tions of de Witt (27) on covellite, and of Harvey et al. (11) and of Pease and 
Blinks (15) on bubble nuclei, which are important in determining the behavior of 
liquids. 

If gas precipitates on mineral particles during flotation in a cell, subsequent 
flotation may still be ascribed to collision between an air bubble and an aggre- 
gate consisting of a mineral particle and a minute air bubble. The aggregate 
may have a density greater than or even less than that of the pulp. The theo- 
retical approach adopted in this paper will still be valid, but for the smaller sizes 
of mineral the aggregate will be very much larger than the particle. It then 
follows from our theory that the chances of an aggregate floating are tetter 
than those for the mineral particle by itself, particularly in the smaller size 
ranges. 

III. ASSUMPTIONS IN THEORETICAL TREATMENT OF FLOTATION RATE, USING 
THE DIRECT ENCOUNTER HYPOTHESIS 

In 1932 Gaudin (6c) considered collision between an air bubble and a mineral 
particle in a flotation cell, assuming that (i) water is non-viscous and incom- 
pressible; {2) water is infinitely divisible (i.e., the mineral particles are large 
compared with the molecules or their mean free path) ; (S) bubble and particle 
are rigid spheres; (4) bubble and particle are the only disturbing factors in the 
cell; (5) motion of bubble and particle is irrotational (i.e., there is streamline 
motion of the water past these spheres). He deduced that collision is possible 
only if the center of the particle lies on the central line of motion of the bubble. 
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His analysis, however, was based on an implicit, but erroneous, assumption that 
two bodies move independently in a fluid, that is, there is no interaction of their 
velocity fields. 

The motion of two spheres toward one another has not lr)een successfully 
analyzed except when the spheres move along their line of centers (17). Mathe- 
matical treatment is possible, however, if the mass of one of the spheres is zero, 
i.e., if the particle is inertia-less; it will then travel along a streamline of the liquid 
passing around the second sphere. Our treatment of collision in an ideal fluid 
will embody the assumption that (0) inertial effects be neglected for the smaller 
sphere. The (|uestion of the forces of adhesion between the air bubble and min- 
eral being suffi(*ient to prevent the aggregate parting is discussed in Section IX. 

Considering these assumptions in detail, we may say with respect to the first, 
that the results obtained for a non-viscous, incompressible fluid are an excellent 
approximation to the behavior in a viscous, slightly compressible fluid such as 
water. 

The second lussumption \vill lead to significant errors only if the size of the 
particle (or air bubble) is less than 0.1 micron. Particles as small as this will not 
be considered. 

Particles are not spherical, but we can define a spherical particle which be- 
haves essentially as the mineral. Calculations based on this assumption for 
other hydrodynamic problems show a good approximation to actual behavior. 
Departure from sphericity of the bubble is more serious. The bubbles are de- 
formed (flattened on top) and the motion of bigger bubbles shows instability 
(oscillation), flence the velocity of the bubble relative to the particle used in 
this paper will be determined from an experimental equation describing the 
motion. There will be an error, however, in deriving Ihe ‘‘collision area”, which 
error is difficult to evaluate. 

The most serious error apix'ai-s to be in assumption 4. It is implicitly assumed 
that (a) there is no coalescence of bubbles; {h) bubbles do not cluster around one 
particle (19); (c) bubbles do not hinder each other while rising (7). Assumption 
{a) was proved valid by experiments described in Section IX. We have not 
studied the importance of factor (W and factor (r) is shown in Appendix I to be 
relatively unimportant. 

Assumption 5 is not seriously in error, though for the bubble sizes studied the 
motion is not completely streamline (irrotational). The theory can be applied 
into the region of turbulent flow', e.g., Stokes’s law' can be extrapolated well into 
the region of turbulence without errors exceeding, say, 10 per cent. 

Neglect of inertial effects (assumption 0) slightly lowers the calculated col- 
livsion rate for the small particles common in flotation. 

IV, SYMBOLS USED IN THE THEORETICAL TREATMENT 

A == ovei’flow' rate of froth from cell per unit of cell volume (sec.”'^) 

B = buoyancy force on the bubble 

C = constant of integration, w'hich is determined by the streamline 
chosen 
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D = maximum distance at which the center of a particle can lie from 
the line of motion of the bubble (figure 1) for collision to be 
possible (cm.) 

d = density of mineral particle to be floated (g. cm.~®) 
d«, = density of pulp (g. cm.*”®) 

E = distance of particle from center of line of motion of the bubble 
(cm.) 

F = Stokesian resistance to a sphere 
/ = Wf/Wo 

G = grade of unfloated pulp 
Gc = grade of concentrate 
g = acceleration due to gravity (980 cm. sec.“^) 
h = height of attached bubble 
fc, fci, fc 2 = constants 

I = distance travelled by bubble in cell (cm.) 

L = capillary attraction of particle and bubble corrected for hydro- 
static forces 

N = number of particles removed per unit volume of pulp after time 
t sec. (cm.’"®) 

Nq = number of particles initially present per unit volume of pulp 
(cm.^®) 

iV' = number of bubbles per unit volume of pulp (cm.”®) 

AATy = number of particles of radius r per unit volume of pulp (cm.*”®) 
AN\ = number of particles with an induction period X initially present 
per unit volume (cm.”*®) 

ArNo = number of particles of radius r initially present per unit volume 
(cm.”*®> 

AN R = number of bubbles of radius R per unit volume of pulp (cm.*”®) 
n = number of collisions per unit time (sec.”^) 
rif = number of fruitful collisions per unit time (sec.*”^) 
rUf == number of fruitful collisions in the cell between bubbles and 
particles of radius r cm. 

trif = number of fruitful collisions when bubble is loaded 
riL = number of particles attached to a bubble 
P = volume of pulp entering cell per unit time per unit cell volume 
(sec.*"^) 

Q = weight of mineral particle in water 
p = sech' 
p' = ZicRrVN’ (sec.'") 


pi 


= Zird sech® 



RVN' (cm. ‘ sec. 


R = radius of bubble (cm.) 

R = mean radius of bubbles 
Rm = rate of flotation (g. sec.~‘ cm.' ’) 
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ArRm — rate of flotation of particles of radius r (g. sec.“^ cm.“^) 

A«/?w = rate of flotation of particles by bubbles of radius R (g. sec.”^ 
cm.”®) 

Jin, = average rate of flotation (g. secf^ cm."^) 
mRm = rate of flotation of sample containing only particles of mean 
radius 

fRm = rate of flotation from cell in continuous operation (g. sec."*^ 

cmr^) 

fR^rn = rate of flotation from cell in continuous operation when condi- 
tions are steady (g. sec." ^ cm.~^) 
tRm = rate of removal of ore in tailing (g. sec. ^ cm.“^) 
r, Tiy r 2 , Tky Tn = radius of particles (cm.) 

s == distance travelled by particle on bubble surface (cm.) 
tc = time of contact between bubble and particle (sec.) 

/ = time variable (sec.) 

T = surface tension (dynes cm.‘^) 

V = velocity of bubble relative to the particles (cm. sec."^) 
y = velocity of average-sized bubble (cm. sec.""^) 
y' = velocity of particle around bubble surface, arcial velocity (cm. 
sec."”^) 

W = total weight of gangue in concentrate (g.) 
ic = concjentration of mineral removed from pulp after a time t 
sec. (g. cin.""^) 

tco = concentration of mineral in the feed (g. cm.""^) 
u\ = concentration of gangue in the pulp (g. cm.~®) 
t/’/ = concentration of gangue in the overflow liquid (g. cm.~^) 

Wc = concentration of mineral removed from unit volume of pulp 
into the concentrate at a time t (g. cm.’~'^) 
w[ = concentration of gangue removed from unit volume of pulp 
into the concentrate at a time i (g. cm." ^) 

Ar'"’ == concentration of particles of radiils r removed from the pulp 
after a time f {g, cm.”^) 

hrWa == concentration of particles of radius r initially in the pulp (g. 

cm."”^) 

X == polar coordinate 

a = contact angle measured from mineral through pulp 
p = radius of curvature of bubble in the planes perpendicular to 
the plane of contact 

Po = radius of curvature of bubble at its apex 
6 = proportion of particles retained in the froth after fruitful col- 
lision 

{ = velocity potential of the liquid relative to the bubble 
X = induction period necessary for air-mineral adhesion (sec.) 
ri = viscosity of pulp (poises) 
p == kinematic viscosity of the pulp (stokes) 



400 


K. L. SUTHERLAND 


(T = '^density of air bubble (g. cmr*) 

density of gas in air bubble (g. cmr^) 
4> = polar coordinate 
^ probability of gangue adhesion 
f(r, /?, etc.)^= function of r, 72, etc. 


V. COLLISION BETWEEN BUBBLE AND PARTICLE 

Ramsey (17) shows that the equation to the streamlines of a fluid moving past 
a sphere of radius R (the bubble) is 

Cx 


sin ^ = 


7 ?- 


( 1 ) 


where (x, <!>) is the polar coordinate of the streamline (figure 1). As the inertia- 
less particle ^vill travel along a streamline it will just touch the bubble if it is 
travelling on the streamline whose closest approach to the bubble is r cm., the 



radius of the particle (figure 1). This streamline which passes through the point 
= R + r, <l> — enables us to determine the (jonstant in equation 1 , viz. : 


C = 


(R + rf - RT 


(2) 


R + r 

Wlien the particle is at an infinite distance above the bubble, then 0=0 and we 
require the value of x sin 4> which is equal to D cm., the maximum distance at 
which the center of the particle can lie from the center of the line of motion of 
the bubble in order to just collide with it. Substituting in equation 1, we have 

. ^ , /(R + ry - 




and taking the limit as 0 


iZ + r 
0 (i.c., a: — > oo) 


X 


D 




+ SrR + r*) 


( 3 ) 


R+r 

If, as is true in flotation, r is small compared with R, then terms containing r’ 
only will be negligible and hence 

D = (4) 


This quantity, D, defines the “collision radius” of the bubble for a particle of 
radius r. All particles lying within this distance from the line of motion of the 
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bubble will collide with it. The number of collisions per second (n) between 
the bubble and a suspension of particles (No per cm.®) is therefore 

n = ttD^VNo = ZirRrVNo (5) 

where V is the velocity of the bubble relative to the particles. If the bubble is 
an oblate spheroid (about the axis of motion) the number of collisions is 

n = ZkTcRrVNo 

where fc is a factor which is less than unity, the amount depending upon the eccen- 
tricity of the ellipsoid (R is here the radius of the ellipsoid perpendicular to the 
axis of motion). 

If bubbles are present per cubic centimeter, the number of collisions is 

n - ZirRrVNoN' (6) 

VI. RATE OF FLOTATION 

The rate of flotation is assumed to be governed by the rate of collision be- 
tween mineral and air bubbles in the pulp. It is observed that bubbles some- 
times drop their load when they reach the froth, owing to coalescence and sub- 
sequent decrease in area of surface holding the mineral. We will suppose that a 
fraction (1 — 6) of the particles is returned at any instant to the pulp by coales- 
cence either at froth-pulp interface or in pulp owing to coalescence of bubbles or 
to some turbulent condition which will strip the particle from the bubble. Usu- 
ally 6 will be close to unity. 

If the bubble is practically completely covered with particles before it has risen 
into the froth, the last part of its journey to the surface is ineffective, for col- 
lision cannot lead to adhesion. If the pulp density of floating mineral is large 
or the grade of feed is high (as it is in cleaning operations) then “crowding’’ be- 
comes important. Under usual conditions the “collision area” on top of the 
bubble will be free from particles which slide to the bottom of the bubble (3). 

In addition to the above factors, not every collision will be fruitful, since a 
finite time of contact between bubble and particle is needed to ensure adhesion 
(the induction period X). This period is of the order of magnitude of 0.005-0.1 
sec. (5, 20), although in special systems it is considerably longer (25). When a 
particle is at a distance \/3Rr cm. from the line of motion of the bubble, it is 
obvious that the bubble will only be touched for an infinitesimally short time 
before the particle leaves it following the streamline flow of the licjuid. As the 
particle lies nearer to t he line of motion of the (tenter of the bubble, it will be in 
contact for longer and longer periods before it reaches a position where it can 
leave the bubble. Let the particle be E cm. distant from the center of line of 
motion of the bubble. Then the point (x = r + R, <f>) at which the particle 
strikes the bubble surface is derived from equation 1. 

Since lim (x sin <^) is equal to E, the constant C is equal to E\ Equation 1 

»-*oo 

becomes 

. *> E X 
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and the polar coordinate of the point where the particle strikes the bubble is 
(* = r + B,* - ar»inE|/ 
or neglecting r® 

(I) = arsin {E/y/^Rr) (8) 

The velocity potential of the liquid relative to the bubble is given by 


= Vx cos <l> + ^ cos (l> 

It 


The arcial velocity — 


V = = V mi>t> + sin 4> 

xd<l> 2 


(9) 


( 10 ) 


Although the center of the particle travels on a circle of radius (R + r) after 
touching the bubble, we may consider it as moving on a circle of radius R with- 
out being in error by more than 10 per cent for the size of bubble and particle 
usual in flotation. This simplification is used in equation 15 and subsequently. 
From equation 10 




( 11 ) 


The time to travel from the point {R + r, <t>) where the particle collides to the 
point (R + r, T — <!>) where it leaves the bubble is given by 

<•'-* J^__+ 

( 12 ) 


tc 


-f 




ds 


since dU = -y, and ds = (jB + r) d<t) is the distance travelled on the bubble surface 

in a time die- 
Hence 


tc = 


4(i2 + r) ^ 


v{2 + ( 


(13) 




Substituting for 0 from equation 8 


E = y/ 3Rr sech 


VtA2 + 


tj-.)] 


or approximating 


HR + r) 


* A more accurate approximation would be 
E « \^Mr sech 


E = y/3Rr sech * 

/ 37/, \ 

+ 2r ) ) 


(14) 

(15) 
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If the particle is to adhere to the bubble, then the induction period X must be 
less than or equal to ic^ 

Equation 15 then defines E for a given X: 

E = y/ZRr sech (16) 

Figure 2 shows equation 14 plotted for different values of R and X and also 
shows the effective area of contact for each bubble after reducing to unit volume 
of air. V is calculated from Alienas equation (see Appendix I). 
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Radius (R cm) 

Fig. 2. The relationship between (a) bubble size and the effective contact radius E and 
(6) bubble size and the effective area of contact per unit volume of bubble 

We now replace equation 6 by 

Uf = 3irRrVN«N' sech' 

where rif is the number of collisions per unit time per unit volume which lead to 
adhesion. 

The rate of flotation (g. cm."^ sec."^) is then 

R„ = 4x' e sech' Rr* No N'Vd (18) 

where 6 is introduced to allow for particles removed from the bubble after fruit- 
ful collision (page 401) and d is the density of the particles. Hence Rm is pro- 
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portional to the pulp density and the rate of aeration. It is directly proportional 
to the radius of the mineral but is related in a more complex manner to the 

bubble size, liz: RV sech^ 

Suppose that in a batch cell the rate of flotation is studied with time. Let 
Wo g. cm.*"® be the initial concentration of the mineral. Then if (wo — tc) is 
the concentration at i sec.,^ the rate of flotation is given by 

/2m = ^ = viwo - w) (19) 

at 

where p is a constant. Integrating between the limits 0 and t 

w = u’o(l ~ (20) 

But at the concentration (wo — w) g. cm.^"* we have from equation 18 

R,„ = e sech' Rr* VN' d{A\ - N) (21) 

where No and N are the number of particles per cm.® of cell pulp which were 
present originally and which were removed respectively, i.e., (A^o — N) is the 
number remaining. Since 

Wq = ^Trr® dA^o and w; = ^Trr® dA^ (22) 

O o 

we have from equations 21 and 22 

R„ = Sire sech^ RrVN'iwo - w) (23) 

Comparison of equations 19 and 23 shows that 

p = Sire sech" JirVN' (24) 

and hence equation 20 becomes 

^ = T^o{l ~ (25) 

and substituting from equation 25 in equation 23 for w;, we can derive the varia- 
tion of rate with time. 

A Denver subaeration flotation cell of depth 25 vm. contains 10^ cm.® of pulp. 
The following values are typical: 

R = 0.03 cm. r = 5 X 10^® cm. T == 0 cm. sec.~^ 

N' = 20 bubbles cm."“® 19 = 1 Wo — 0.0 1 g. cm.~® 

* No mineral will appear in the froth until a time t sec. after aeration commences, i.e,, 
until bubbles have risen from bottom of cell to the top. t is dependent upon bubble size, 
Vt being equal to the depth of the cell. The time can be considered as starting after this 
initial period. 
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A typical time required for a 90 per cent recovery is 60 sec. (e.g., for sized quartz 
floated with cetyltrimethylammonium bromide). Then from equation 20 the 
value of X is 0.009 sec^., a value which is plausible. 

It is generally known that the rate of flotation is governed approximately by 
an exponential law. Thus Beloglazov (2), Zuniga (28), and Griinder and Kadur 
(9) found that the rate of flotation at any time was approximately proportional 
to the amount of floatable material remaining in the cell. 


VII. VARIATION IN GRADE OF CONCENTRATE WITH THE TIME 
WHEN GANGUE IS PRESENT 


Let Wo g. cm."""^ be the initial concentration of mineral to be floated, and w'o g. 
cm."'® the concentration of gangue. Let ^ be the probability of flotation of 
gangue after collision to include the sech and 6 terms). Since ^ will be small 
and t^o is usually large compared with wo we can, with good approximation, 
consider Wo consiant throughout a batch test. 

Mineral and gangue will be carried into the concentrate by the walls of the 
bubble cells. The extent of draining (proportional to the height of froth) deter- 
mines the amount of pulp left in the walls. This pulp will not have the same 
composition as that in the cell, because gangue and mineral settle from it. In 
the mineral concentrate, the overflow of liquid is A cm.® sec.~* per cm.® of cell 
volume carrying Aw/ g. sec.^^ of gangue into the concentrate {Wf = concentra- 
tion of gangue in the overflow liquid). The value of Wf may be considered con- 
stant throughout the experiment and, judging from Schuhmann\s results (18), 
may have values between 0.5 w'o and 0.1 u»o for sizes of particles of less than 7 
microns and 35 microns, respectively. The coarser the mineral the more 
rapidly does the gangue leave a froth. 

The grade of the feed is 

• 1 “ G Wo 

(t = > i.e., — = — (26) 

Wo + Wo G Wo 


If We, w'e are the weights of mineral and gangue, respectively, in the concen- 
trate (produced from 1 cm.® of pulp), then the grade is 



We 

Wc + Wr 


I.e., 



f 

!££ 

We 


(27) 


From equation 23 for the gangue 

R„t = Zml/RrVN'w'ot 
= p'lfnvot 

where p' = SxRrN'V. 

In the same time Aw/t g. is carried over by the froth liquid. 
The total weight (IF) of gangue appearing in the concentrate is 

W = p'^Pwot + Aw'jt 

= w'4\p'yp + .Ml 


(28) 


(29) 
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where / = Wfjw^ is constant for any size range and has values less than unity 
and greater than zero. 

The amount of mineral floated in the time i is and from equations 25, 26, 
27, 28, and 29 we have: 

G 1 - 

If, in a batch float, the grade of concentrate is studied, then it is apparent 
from equation 30 that the grade falls steadily as time increases. 

VIII, RATE OF FLOTATION OF MINERAL WHICH EXHIBITS A SIZE RANGE 

Hitherto the mineral floated has been considered to be of uniform size. Since 
the rate of flotation depends upon r, the radius of particle floated, the average 
rate of flotation does not equal the rate of flotation of the average size particles. 
In the analysis which follows the presence of gangue is neglected. 

Let the number of particles ANr with a radius between r and r + Ar be given 

by 

ANr = iVof(r)Ar (31) 

where f(r) is a size-distribution function. 

Corresponding to equation 17 we have that the number of fruitful collisions 
for particles in the size range r, r + Ar 

Artif = Stt sech® RrVANrN' 

= 3t sech"' RrVN' Ar (32) 

and the weight of mineral floated in time At is 

dArfirAt = 4/ sech' R dVNr*No!:ir)AtAr 

If ArNo particles of radius between r and r + Ar are originally present and 
ANr are removed after a time /, the rate of flotation is 

ArR^ = 3*^ sech* (~^ /?r7iV'||,rr* dA^ATo - dAAr,| 

RrVN'iArWo - Arw) (33) 

and 

= p(ArM)o — ArW) = ArRm (34) 

d< 

Hence 

ArW - ArWo (1 - (34) 


= 3ir0 sech^ 


S) 
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and substituting for ArW in equation 33 from eciuation 35: 

A.R„. = 3x0 sech' 

The total flotation rat(‘ is the sum of the flotation rates for each size of particle, 
and 

4 

ArU\) = -7rr\Vodf(r)Ar 

The (‘tTect of a particle distribution and correlation with exp(‘rimental results 
IS discussed in Appendix H. 


IX. RATE OF FLOT\'riON HY UrUHEES AVIIICH HAVE A SIZE DISTHIBT TlOK 
L(4 the number of bu})blcs with a radius between B and R + AR be given by 

AA;, = X'^{R)AR (30) 

W’e may d(‘riv(* tin* rat(^ of flotation along lines similar to that employed for the 
jiart icle-siz(‘ distribution. 44ie result has a forma! resemblance to eiiuation 30. 
H()\\(‘\ei\ the bubble-size distribution, unlike the particle-size distribution, i.s 
ind(‘pendent of time (Considering therelore flotation due to liubbles of size 
b(‘t\\e(‘n R and R + AR cm , e(iuation 23 becomes 


AitRni — 

3x0 - w)AR 

(;47) 

and therefore 



/ ^^liRtn Rtn 

-'0 

= 3x0r(«-„ - «').V' VR sech- 

(38) 

i.e., 

dw 

d7 

= 3x0 secfi" RrV.\’'(u'o — w) 

(39) 

since 

[ nii) (Iff = 1 

Jo 

(40) 


and the mean radius of the bubble is defined from 


VR sech’ 




VR sech- 1 ^ 1 r(ff) <1/^ 


f f(«)(lR 
*'0 


The value of V as a function of R is given by equation ()2. Equation 30 can be 
integrated as previously. 
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To obtain the distribution in bubble size a 2000-g. Denver subaeration machine 
with a glass side was photographed. Figures 3a, 3b, 3c show the effect of 2.5, 
5, and 10 mg. of pine oil per liter of water, respectively, on bubble size when the 
impeller was rotated at a low speed to avoid excessive froth. These bubbles 
were illuminated by a lamp which gave a flash of 10 microsec. All motion of the 
bubbles was thus “stopped”. The distribution in bubble sizes is given in figure 
4. It will be noted that nearly all bubbles are spherical. By measuring the 
depth of focus of the photographs the number of bubbles per cubic centimeter of 
pulp could be calculated. Thus there were three, seven, and twent 5 '-five bubbles 
per cubic centimeter of pulp in the photographs reproduced here. 

Cinematographic records were made at speeds between 800 and 2000 frames 
per second, using an arc lamp for iUumination. These again showed little or no 
departure of bubbles from sphericity, no coalescence with one another, and 



Fig. 4. Distribution of bubble sizes corresponding to aeration and pine oil concentra- 
tion shown in figure 3. 

uniform speeds of ascent. The speed of the fluid flow was measured from sus- 
pended spheres of density equal to that of the pulp. 

Volkova (22, 23, 24) has calculated the force of adhesion between an air bubble 
and mineral particle when the latter is small. If the particle is not free to move, 
then the force separating bubble from mineral is the buoyancy of the bubble. 
Since the area of adhesion must be small on a small particle, the force of adhesion 
is also small. Volkova confirmed his theoretical calculations experimentally 
and then stated that the force parting bubble and mineral when these collide is 
determined by the buoyancy force on the bubble. This is not correct for move- 
ment in a fluid. His subsequent argument leads to the result that for all par- 
ticles there is a maximum size of bubble which can adhere and that for small 
particles these bubbles are so small that flotation does not seem possible: firstly, 
because the rate of ascent of these bubbles is far too small and secondly, such 
bubbles will normally disappear by dissolution. In the photographs shown in 
figure 3 bubbles smaller than 0.002 cm. radius have been neglected. In figures 
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3a and 3b there are about as many bubbles of, say, average radius 0.001 cm. as 
there are bubbles of radius greater than 0.002 cm. Nevertheless they constitute 
an insignificant proportion of the air passing through the cell and they have an 
average terminal ascending velocity of about 0.02 cm. sec.~* which will not allow 
them to escape from the pulp. Now the excess pressure over atmospheric 
inside a bubble of radius 0.001 cm. is 0.14 atm. Hence these bubbles will dis- 
solve readily and the gas will be precipitated on the mineral {vide reference 21) 
and on larger bubbles. 

In a viscous fluid the parting force is not the buoyancy of the bubble but the 
viscous drag on the particle and its own weight in the fluid. As the particle 
slides down the bubble it attains much of the velocity of the bubble surface. 
The radial velocity of the particle is determined from the velocity potential $ 
(equation 9) of the fluid 

= r cos * - VR\-* cos ^ (42) 

aX 

This is a maximum for — v. Since the particle is attached to the bubble, x 
has the value {R + r) and 

The negative sign indicates that the radial velocity is in the direction away from 
the center of the sphere. The viscous force, F, on the particle will not exceed 
the Stokesian resistance, i.e., 


F < fiTnjr 


3riS 

{R + tY 


(43) 


The only other force attempting to separate bubble and particle is an impulsive 
force, /, due to the inertia of bubble and mineral. From the principle of con- 
servation of momentum (considering viscous and gravitational forces absent, 
as the effect of these are calculated above) the terminal velocity of the aggre- 
gate, bubble and particle, may be derived as 


i2’d„F - /(d - d„)y 
fi»d„ + r»(d - d„) 


(43a) 


where F, — i; are the upward velocities of bubble and particle, respectively, 
before attempting to separate and the remaining terms give the apparent masses 
of the bodies concerned. Equation 42a gives the velocity of the fluid and hence 
of the particle, relative to the bubble. When the bubble moves with a velocity 
F, then the velocity of the particle immediately prior to the attempt at separa- 
tion is 

The difference between the initial and final velocities given in equations 431 
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and 43a, respectively, divided by the time, t sec., in which the velocity is chang- 
ing, enables the impulsive force, /, to be calculated: 

_ |xKVM„(d - d„) V f SrR \ 

«»d„ +T»(d - d;) f \(R -b rrl 

Neglecting the smaller terms, we obtain: 


/ < 


12xrM^ 

Rt 


(43d) 


TABLE 1 

Comparison of the adhesional force (L)fthe weight and Stokesian resistance (0 -f F), and the 

buoyancy of the bubble (B) 


Stable adhesion when L > Q F. ot ^ 45®. Velocity of ascent from appropriate Reynolds 
number and coefficient of resistance. Density of particles = 4 g.cm.'"* 


DlAMETEft OF 
PASTICLE 

OlAUETES Of 
BUBBLE 

VELOCITY OF | 

ASCENT 

L 


n 

microns 

cm. 

cm. sec ■"* ! 

dynes 

dynes 

dynes 

25 


1 

I 

0.40 

8,1 X 10-‘ 


50 


i 

0.78 

3.9 X 10-» 


75 

0.38 

33.5 j 

1.16 

1.1 X 10-* 

28.2 

100 


1 

1.52 

2.1 X 10"2 


200 


1 

2.89 

1.3 X 10“i 


500 


1 

1 

6.87 

1.7 


25 


i 

0.39 

9.9 X 10-* 


50 


j 

0.75 

4.6 X 10-» 


75 

0.18 

18 1 

1.08 

1.2 X 10-2 

2.99 

100 



1.39 

2.3 X 10-2 


200 


; 

2.35 

1.3 X 10-2 


500 


1 

1 

3.80 

1.7 



Table 1 compares the value of F + Q, where Q is the weight of the particle 
in the fluid, with the buoyancy force of bubbles {B = ^TrR\\x^) and the adhe- 
sional force L which is given by Wark (26) as 



where a is the contact angle, T the surface tension of tJie pulp, r the radius of 
circle of contact, and p the principal radius of curvature at the circle of contact in 
the plane perpendicular to the solid. To calculate p it is necessary to know the 
forces acting on bubble and particle. Thus Wark^s equation for the bubble 
contour becomes 


2 _ 2 ^ d^gh 
P Po T 


Q + F 
\r^f 


(45) 


where po is the curvature of the bubble at its apex and h is the distance of the 
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apex from the plane of contact. Volkova (23) shows that for small areas of 
adhesion h may be put equal to 2R, the diameter of the bubble before adhesion, 
and that po is approximately equal to 72. Thus: 

1 _ 1 du,gR Q + F . . 

p R T 27rr2r ^ ^ 

The {Q + F) term replaces the usual buoyancy force due to the bubble. The 
impulsive force is probably so small that it can be neglected. It can only be 
large if t is small (equation 43d) . For the example cited in table 1 the impulsive 
force does not exceed the adhesional force, L, except if the particle can be de- 
tached from the bubble in less than 10"^ sec. This is not feasible and for a 
period of even so short a time as 10"^ sec., the force is from 30 to 10^ times smaller 
than L, and is always smaller than the (Q + F) force. 

Calculation from equation 46 shows that the bubble shape involves no re- 
entrant surface and consequently the aggregate is stable. It is apparent that 
the adhesional forces are sufficient for flotation however small the particle. 


X. RATE OF FLOTATION OF A SAMPLE THE PARTICLES OF WHICH DO NOT 
HAVE A UNIFORM INDUCTION PERIOD 

Let the number of particles AN\ which have an induction period between 
X and X + AX sec. be given by: 

AVx - iNrof(X)AX (47) 

Then an analysis corresponding to that in the preceding section leads to 

IL = p'<hco jf f(X) sech* e"”'" 

where p' = ZirRrVN' and too = irr^Nod. 

Corresponding to equation 25 the weight of mineral floated at a time t is given 
by 

w = f f(X){l - dX 

Jo 

= w, f (X)dX - w, jf" f (X)e-'’'*‘ dX (49) 

Since the total number of particles originally present in the sample is Vo, 
it follows from equation 47 that 

f f (X)dX « 1 (50) 

Jo 

Hence equation 49 becomes 




(61) 
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\ , then equation 48 becomes 


w,-w 2R r'" 

tco ■' 3V ' 


r" f(x) 

‘ ■ V' 


dz 


= r e- 

37 io 


f(X) 


4 /^ P'( 


dz 


_ 2R r 

SVJp't 


f(X) 




d2 (52) 


TABLE 2 


Weight of mineral {iv g,) floated in a Denver celt originally containing i7.(=* J^69 g.) of 

spheres after various times t sec. 


t 

w 

Wn — to 

Wo 

30 

182 

0.6119 

60 

335 

0.2857 

120 

385 

0.1791 

180 

408 

0.1301 

240 

420 

0.1045 

300 

427 

0.0896 . 


It is shown in Appendix III that the second integral is negligible for certain 
numerical values of p'O, If it is neglected, then the inverse Laplace transforma- 
tion can be applied and the integral is 



where z = \/ —1. 

If therefore a batch test is made in a flotation cell and an analytic function 
determined empirically for ( i/’o —w)/wq from the experimental data then, pro- 
vided this function fulfils the conditions of the Laplace transformation, the 
function f(X) can be evaluated. 

To evaluate the distribution likely in a flotation pulp, spheres of a calcium 
glass were prepared. The fraction between 52 and 72 mesh was separated and 
each particle allowed to roll down an inclined slope. Only those which were 
completely spherical rolled straight and were collected. A sample was photo- 
graphed, and more than 98 per cent of the particles were spheres. The average 
diameter was 0.0252 cm. After cleaning by ignition at 650°C., the spheres were 
floated in a 2000-g. subaeration Denver cell, using 20 mg. of laurylamine hydro- 
chloride per liter as collector and frother. The pH value was 7.0, the tempera- 
ture 20‘^C. The rate of air flow into the cell was constant at 55 cm,^ per second. 
The weights of concentrate taken at various times are shown in table 2. The 
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low rate of air flow was essential to enable easy removal of the concentrate: 
at the full rate the float was over completely in less than 1 min. 

From table 2 an analytic function relating (wo — w) /wo to the time t with an 
accuracy of better than 1 per cent and of the required form is 

Wo - w _ 1.614 X 10"' 22.02 2.747 X lO' 2.39 X 10* 

Wo (47.46 + ty (47.46 + ty (47.46 + ty (47.46 + 0* 

Integrating equation 53 after substitution from equation 54 we have: 



{1.614 X 10"* - JI.31Z + 4.578 X 10* z* + 9.975 X 10* z*} (55) 



X 

Fig. 5. Distribution in values of the induction period for flotation of spheres 


For the sample studied it is assumed that 6 is unity and the following measured 
values r = 0.0126 cm., R = 0.064 cm., F = 12 cm. 8ec."\ AT' = 5 bubbles cm.~® of 

pulp enable p' to be calculated. The value of z is found from p' sech* (S) * 


plot showing AiV x/No is given in figure 5. The curve shows a typical distribution 
of X values. 

With a sample containing particles with different induction periods the curve 
relating weight of mineral floated with time will no longer be a simple exponential 
one. Calculation of the effect of varying induction period on the rate of flota- 
tion under continuous operating conditions is diflicult, but qualitatively the 
result resembles that for a distribution of particle sizes (see Appendix II). 


XI. STATE OF CONTlNtrOUS OPERATION 

In correlating the batch test and a continuously operating cell, factors such as 
the accumulation of soluble products which may affect adsorption of collector, 
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rate of adsorption of collector, etc. are neglected. Let the rate of flow of ore into 
cell be Pwq g. sec. \ where P cm.^ per cm.^ of cell volume is the volume of pulp 
entering the cell per second. At a time the total weight of ore that has been 
jn the unit volume of the cell which originally contained g. of ore is 

(1 + Pt)WQ g. 

The weight of ore floated per unit volume of cell when w g. cm.““* has been re- 
moved is 


jRm = + Pt) - w\ (56) 

At the same time mineral is removed in the tailing at the rate 

tPm = (P — A){u’o(l 4- Pi) — w] (57) 

where A cm.^ is the volume of liquid removed per second per unit volume of cell 
with the concentrate. 

The total rate (//?w + tPm) is 


= = + 


A){u^o(l + Pt)\ *“ yy 

For the boundary condition < = 0, tc = 0, 

p — A 


W ^ Wq{ Pt + 


(1 


-iP+P-A)i 


(58) 


(59) 


P + P - 

where p is as usual. Substituting for w from equation 59 in equation 56 the rate 
of flotation is 


fR. - 


PptCo 


p 4 P — A 


1 4 




When t is large (steady conditions) equation 60 becomes 

3r0 sech“ RtN’VPwo 


jRL = 


PpWo 

p + P — A 


(60) 


(61) 


3ir9 seclj 


hr 


and will be of value in determining the vari- 


fRm can be calculated from 


This equation is of the form , , 

r 4 *3 

ation of rate of flotation with size in continuous test, 
batch cell tests, since p is deducible from these. 

If we calculate the ratio of equation 60 to equation 61 then we obtain curves 
of the type shown in figure 6. Data presented by Schuhmann (18) for the rate 
of flotation of a copper mineral w ith time are also plotted in the same figure. 
The experimental curve cannot be accurately described by an equation of the 
type given. This is discussed in Appendix II of this paper, where Schuhmann ^s 
curve is shown to be compounded probably of a number of exponential curves. 


XII. VARIATION OF FLOTATION RATE WITH PARTICLE SIZE 

The variation in flotation rate for particles of different size in continuous flow 

P — A 

tests is deduced from equation 61. Figure 7 shows curves for which — -- — 
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r/>Mur - /• «5X’co'wgoiS‘ 

Fig. 6. Ratio of flotation rate to rate under steady conditions during a continuous test 



PA^r/eur me - LOGMtTHMtC SCAU - r tn MICRONS 

Fig. 7. Relationship between rate of flotation and size of particle floated during oon* 
tinuous tests. 

is varied and data obtained by Gaudin, Schuhmann, and Schlechten (8). The 
curve does not fit the smaller values of r and unfortunately there are insufficient 
data to determine whether the flotation rate increases linearly with radius, as 
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claimed by the author, or whether it is described by the relation above. Gaudin 
Schuhmann, and Schlechten have suggested that the smaller particles aggregate 
to non-aerated floes. If this is true it is difficult to see why they were able to 
find smaller particles in their method of measurement of particle size. Their 
method was to follow the rate of sedimentation, which rate depends upon the 
size of particle or aggregate. If special precautions were taken to disperse these 
aggregates, then their hypothesis may be proved by conducting the sedimenta- 
tion experiments \vithout dispersing agents. Because the flotation rate is con- 
stant, the number of particles to maintain the size of the floes constant must 
increase enormously as the mineral size is decreased. 



Fig. 8. Curve showing^distribution of particle size in an emulsion (after Clayton (3)) 

“Sliming” is an example of the floc(;ulation of small particles on larger ones, 
but excellent flotation of mineral is still obtainable when the conditions in the 
pulp are such that “sliming,” and therefore presumably flocculation of small 
particles, is absent. It is possible that conditions for “sliming” were present in 
the above experiments. 

An analogous system is shown in the distribution of droplet sizes in an emul- 
sion. One would expect, a priori, a distribution range from large particles to 
almost infinitely small particles. Figui*e 8 shows an actual frequency curve (4). 
Droplets of less than 2 microns are almost completely absent — this being common 
to many emulsions (excluding those in which the viscosity is very high) and it is 
usually postulated that because Brownian movement is so marked for particles 
of less than 2 micron diameter frequent (udlisions ensure coalescence, which gives 
a smaller surface and hence a decrease in free energy for the system. Whilst 
flocculation presumably leads to only a small decrease in free energy due to 
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diminution in ^*free surface,*’ the study of colloids shows that flocculation is fre- 
quent and is a stable condition. That the rate of flotation becomes constant 
when the mineral particles possess a diameter less than 2 microns and that 
emulsion droplets aggregate to form drops of the same size may be a coincidence, 
but it provides a useful starting point for discussion. Od4n (14) has measured 
the size of floes produced by the coagulation of barium sulfate suspensions and 
found sizes between 1 and 13 microns, according to the concentration of flocculat- 
ing agent. These floes contained between 50 and 120,000 particles. The floes 
were formed under quiescent conditions, and the larger-sized particles may dis- 
integrate if placed, for example, in a flotation cell. No data are available to show 
the variation in size of floe when a standard amount of coagulating agent is added 
to suspensions containing particles of different sizes. 

APPENDIX I 

The effect of babble loads on rate of flotation 

Allen’s equation (1) describes the relationship between bubble size and ter- 
minal velocity for the size of bubble common in flotation: 

r = («2) 

L du, J 

d«, is the density of the pulp, <t that of the bubble, and v the kinematic viscosity. 
For the experimental values used in this paper 

V = 229(1? - 0.0034) (63) 

Allen only claims that his equation is accurate to a bubble radius of 0.05 cm.» 
but his data do not extend beyond this value. An assumption made in our use 

of Allen’s equation is that when many bubbles are present the hindered rate of 

rise Avill not differ greatly from that of the single bubble. Gaudin (7) discusses 
the data of Kermack, Ml^endrick, and Ponder (12) for solids and finds cor- 
rections to the Stokes equation of the order of 5 per cent for an 0.005 ratio of vol- 
ume of dispersed solid to volume of liquid. If the same data are typical of a dis- 
persion of gas bubbles in water, the error due to the use of Allen’s equation will 
be less than 5 per cent, since Allen’s equation is more accurate than Stokes’s 
equation. 

Effect of load on bubble: If the bubble carries a load which is sufficiently large, 
the terminal velocity is considerably decreased. Re>vrite Allen’s equation 

V = hid,, - - 0.0034) (64) 

where 


^2 ~ 1/3 i2/8 

V U.,e, 

The denaty of the bubble, when particles of radius r and density d are at- 
tached, is 
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Cg + ^ xr^n^d 
o 



(65) 


where cr, = density of the gas. Hence 


V = 

at! k ^ 


dto 

d„ 




y/3 


(R - 0.0034) 


r 

R*^‘‘ 


) 21 Z 


(R - 0.0034) 


-3 


Since 

<Tg 0.001 g. cm.~ 

Now the number of fruitful collisions in a distance Al is 

Airif = 3x/erNN'fc( 0 0034) 


X sech^ 


[ 3*1 


2/3 \ 

1 {R - 0.0034)X 1 

A/l 

1 472 n 


(06) 


(67) 


If it is assumed that the bubbles carry the full load the whole distance, then we 
get an upper limit to the extent to which loading would increase the flotation 
rate. 

Taking the ratio of collision rate for loaded to unloaded bubbles we have from 
equations 67 and 17: 


71/ 


sech4^*('^“ - "^^n.dYiR - 0.0034)X 

(t 1 4R 

\ 3cch^ I ~ 


( 68 ) 


For d = 3 g. cm."*, r = 0.005 cm., R = 0.1 cm., d„ = 1.2 g. cm.~*, and 
X = 0.0166 it is calculated that 10, 100, and 1000 particles increase the flotation 
rate by 0.0, 2.0, and 15 per cent, respectively. The effect is relatively unimpor- 
tant unless the particles are large and the bubble small. 


APPENDIX II 

Flotaiimi rate when sample has a distribution of particle sizes 

Equation 35 gives the flotation rate when the distribution of mineral sizes is 
described by a function f(r). It is more usual to determine the size range of a 
sample by screening and weighing the mineral lying between two screen sizes. 
The screen openings are generally related by a geometric factor, e.g., each scieen 
opening is 1/2 to l/\/2 the preceding sizes. We have chosen therefore the 
geometric mean of each screen size as representing the sample. 
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It is convenient to replace the integral of equation 35 by the sum, 

Rn, 3rd seeh^ (^\rVN' Wo E rj(^j^)g-3rt..oh*(3rx/48)8rAr'»r* 

\ / r]fe«ri 

where rj, - • • Vn are the geometric mean size of each screening and is 

the amount of mineral of radius r^. 


TABLE 3 


Mill feed {after Gaudin) 


WEIGHT PEE CENT 

SIZE EANGE (DIAMETER IN MICRONS) 

GEOMETRIC MEAN RADIUS (MICRONS) 

0.5 

416-295 

175.2 

3 

295-208 

123.9 

7 

208-147 

87.4 

13 

147-104 

61.8 

17.5 

104-74 

43.6 

14 

74-52 

31.0 

10 

52-37 

21.93 

7 

37-26 

15.51 

9 

26-13 

9.19 

6 

13-6.5 

4.60 

11 

6.5-0. 5 

0.902 

2 

0. 5-0.0 



TABLE 4 


Rate of flotation of each size and total rate compared with average rate 


Time (seconds) 

10 

50 

100 

150 

200 

300 

500 

.Rm X 10* 

176.1 

47.3 






V3o 

„Rm X 10« 

16.5 

8.10 

5.49 ' 

2.43 

1.11 

Wo 

208.5 

67,5 

20.37 

4.02 

0.98 

0.08 

O.OD 


Gaudin has given an average mill feed which will serve as an example (6, 
p. 142) (see table 3) . The mean radius for the sample excluding the 0.5~0.0 micron 

size is 35.9 microns. Assuming a value of ZttO sech^ 

rate of flotation of particles of the mean radius is 




of 7.80, the 


nRm = 0 . 0270 ^ 


-0.0282« 


(74) 


If the rate of flotation for each of the size distributions is calculated, then on 
summing these rates we may compare them with the rate for the average par- 
ticle (table 4). For this sample the rate of flotation of the sample would be 
smaller at first than that of a sample consisting of the average-sized particles. 
A sample could also be chosen such that the initial rate is greater than that con- 
sisting of average-sized particles. 
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The behavior of an ore containing a size range of particles is important when 
steady flotation conditions are observed in continuous tests. It will be noticed 
above that the variation of the flotation rate with time is no longer a simple ex- 
ponential curve but is the sum of a number of exponential terms. If data de- 
termined by Schuhmann (18) are examined, the curve showing flotation rate 
with time is found not to be a simple exponential curve. This may be due to 
either variation in particle size or induction period or both. The ratio of rates of 
flotation of initial to steady conditions is given by equations 60 and 61, which 
have the following form for a distribution of mineral sizes: 


fRm 


'k—ri 


E fRL 

rt-ri 


Y rkWp^jWk) PlTk - A ^J,^rk+P-AH 

j , rt-r, PlTk + P - A P 

rkWo^jWk) 

PlTk + P - A 


(70) 


where the symbols are as previously and 

Pi = sech' RVN' 


Consider a sample containing 50 per cent of particles of 100-micron radius and 
50 per cent 20-micron radius. Here 


fdFi) = f(ir2) = 0.5 

ri = 100 X lO"" cm., rj = 20 X 10“" cm. 

and let pi = 5, A = 5 X 10~* cm.’, and P = b Y. 10”’ cm.’ Then 
2 

E /«.. 

= 1 -f + 0.815e-«®‘«' (71) 

E /Rm 

k^l 

For this sample the arithmetic mean is 60 microns, the geometric mean 45 mi* 
crons. Hence the rates of flotation of samples of these sizes are 


= 1 + 5.96-'”^“ 

/ ar i tb. 

(72) 

(/-I?) = 1 + 4.4e-“”“ 

\f^fn/ geoni. 

(73) 


Figure 9 shows the ratio of rate of flotation at different times to the final rate cal- 
culated from equations 71, 72, and 73. 

The behavior of the sample possessing particles whose size is the geometric 
mean of the sample above shows an initial rate lower than that given by the 
simple exponential function. It is then higher and finally is lower again. This 
is the behavior when a single exponential curve is compared with Schuhmann s 
data. 
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APPENDIX m 


Conditions for neglect of second integral of equation 4 I 

From equation 55 we can substitute in equation 52 and deduce the value of 
{wo — w)/w(i^ i.e. 


^ = r ze-“(A +Bz + Cz^ + i)z*)d« 

Wo Jo 

- r ze-*‘(A A- Bz A- Cz^ + Dz^)djz (74) 

•'m 

where A = 1.614 X 10~‘, B = -11.31, C = 4.578 X lO’, D = 9.475 X 10*, 
p'ff = 2 , and a? = / + 47.46. 



Fig. 9. Comparison of ratio of initial rates of flotation to rate under steady conditions 
during a continuous test for a sample with a size distribution of particles and a sample with 
particles with the geometric and arithmetic mean. 


Therefore 


where 


Wo - W ^ A ,'^JB i[D _ 

Wo X* ^ X* ^ aA 


Ut) 




e~^{xm + 1 ) 


-f- — e *"*(a;*w* -f* 2xm -|- 2) 


(75) 


+ e-""(x*wi’ + 3x*m* + Qxm + 6) 

X* 

+ ^e~*”(x*w* + 4x*to* + 12x*jw* + 24xm + 24) 


(76) 
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This is smaller than the experimental value of ^ — - by the term fi(0 (see equa- 

Wq 

tion 52). Now fi(<) will have its largest value when t = 0, i.e., when x = 47.46. 
For an accuracy of 1 per cent in the function ^ it is only necessary that the 

W(, 

ratios of each of the following terms 

1 and + 1) 

- and - — -- + 2xm + 2), etc. 

shall not exceed 1.01. The dominant term for experiments conducted over 
periods of less than 15 min. is D/x^ and we can consider that the total error will 
not exceed twice that in the D/x^ term. Hence reciuire 

^ /[2 * ^ "" + I2x%tt* + 24xw + 24} j < 1.005 (77) 

For x = 50 this recjuires a value of z greater than 0.25. 

/3TX\ 

Since z = SirdrRVN' scch'^ \iR ) assuming that X = 0.002 sec., R = 0.1 

cm., V = 20 cm. sec.”\.V' = 5 then we estimate that the smallest particle size 
to which this section of the mathematical treatment wall apply is 30 microns 
provided the constant 47.46 is not altered as particle size is diminished. If 
X is larger than 0.002 sec. and particularly if the rate of aeration is increased, 
this minimum size can be reduced. It is essential to calculate ty error for each 
set of experimental conditions. 


SUMMARY 

The direct-encounter hypothesis for adhesion of mineral to bubble in a flota- 
tion cell is investigated. It is shown theoretically that: 

(1) the “collision area” of a bubble is proportional to the product of bubble 
radius (R) and mineral particle radius (r) ; 

(2) the area over \vhich fruitful collision is possible is given by 

3rSrf(?-y') 

(The induction period (X) almost entirely governs the sech term, because the 
ratio of bubble velocity (V) to its radius (R) does not alter appreciably.) 

(3) induction periods can be calculated and these are probably as accurate 
as the experimental values; 

(4) \vhen there is a distribution of particle sizes the rate of flotation is the 
sum of a number of exponential functions of time; 

(5) when there is a distribution of bubble sizes the mean rate of flotation 
is equal to the rate of flotation with suitably defined mean size of bubble; 
experimental methods of determining bubble size and number are de- 
scribed; 
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(6) the variation of flotation rate with mineral size, under continuously 
operating conditions, is given by an equation of the form 


rate « 


r 

r + h 


This equation fails to predict the uniform flotation rate which has been found by 
some authors at small sizes. The possibility of flocculation of particles is dis- 
cussed. 


The author wishes to thank Mr. G. K. Batchelor and particularly Mr. A. 
Pillow of the Aerodynamics Section, Division of Aeronautics, for many helpful 
discussions on the presentation of this paper. Dr. I. W. Wark very kindly 
criticized the manuscript. 

The work described in this paper was carried out as part of the program of the 
Division of Industrial Chemistry of the Council for Scientific and Industrial 
Research, Australia. 
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VAPOR J^RESSURE-TEMPERATURE RELATIONSHIPS AMONG 
THE BRANC^HED PARAFFIN HYDROCARBONS 

HARRY WIENER 

Department of Chemistry ^ Brooklyn College y Brooklyn, New York 
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INTRODUCTION 

The difTeronce in normal boiling point between a branched-chain paraffin and 
its straight-chain isomer can be expressed (4) as a function of two structural 
variables by the equation' 

All? + 5.5Ap (1) 

In this paper, it is shown that the boiling points of branched-chain paraffins 
also obey this law at pressures other than 7C0 mm. of mercury, with only the 
empirical constants changed. 

In any ecpiation relating the vapor pressures and temperatures of paraffins, 
the constants involved will differ for individual isomers, and arc therefore func- 
tions of molecular structure. If the boiling points of isomeric paraffins at dif- 
ferent pressures are linear functions of the structural parameters Aw and Ap, 
it is probable that the constants of temperature-pressure equations will be 
represented by similar functions of these two variables. For the Antoine vapor- 
pressure ecpiation this rule holds, and the constants can be correlated by such 
functions. 


BOILING POINTS AT DIFFERENT PRESSURES 

The general form of eiiuation 1, at pressures other than 700 mm. of mercury, 
is 

A^ = A A'lc -f bAp (2) 

tr 

For a single group of isomers ?i is coUvStant, and eejuation 2 becomes 

A^ = aAtv + hAp (3) 

^ tt; is the sum of the distances, in terms of carbon-carbon bonds, between the members 
of all pairs of carbon atoms in the molecule; p is the number of pairs of carbon atoms sepa- 
rated by throe bonds; A/ =* /n — Iibo', Auj = ~ Wiso; Ap — pa — Pi»o. 
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Accurate values for the boiling points of many branched-chain paraffins at 
pressures other than 760 mm. of mercury are available, as a result of experi- 
ments carried out at the National Bureau of Standards, and may be used to 
determine whether equations 2 and 3 hold at different pressures. In these ex- 
periments, Willingham, Taylor, Pignocco, and Rossini (5) determined the tem- 
peratures of the liquid-vapor equilibrium for numerous hydrocarbons over a 
wide range of pressures, including the boiling points of seventeen octanes (all 
except 2,2,3,3-tetramethylbutane) at twenty fixed pressures ranging from 47.7 
to 779.3 mm. of mercury, above about 12®C. 

Equation 3 was fitted to the observed boiling points of these seventeen octanes 
at three pressures, — 779.3, 402.4, and 57.5 mm. of mercury, — ^by the method of 
least squares. The values of the two constants of equation 3, obtained in this 
manner, are: at 779.3 mm., a = 1.520, b — 5.56; at 402.4 mm., a = 1.485, b = 
5.31; at 57.5 mm., a = 1.386, b = 4.68. 

The variation of the two constants with pressure is well represented by the 
equations 

o= 0.118 log P + 1.178 (4) 

5 = 0.77 log P + 3.32 (5) 

Ask = 64a for the octanes, the general equation for the difference in boiling 
points of two isomers, as a function of their structure and of pressure, becomes 

A< = (7.55 log P + 75.39) ~ + (0.77 log P + 3.32)Ap (6) 

7r 

The manner in which this equation reproduces the observed values is shown 
in table 1. The average deviations for the seventeen octanes are =t at 

779.3 mm., db 0.53°C. at 402.4 mm., and =fc 0.49®C. at 57.5 mm. of mercury. 
Equation 6, therefore^ appears to be applicable about equally well over the pres- 
sure range from 50 to 800 mm. of mercury. Comparison of values calculated 
from this equation with observed boiling points for some lower paraffins at other 
pressures supports this conclusion, the average deviations being well below 0.5®C. 

The ratio of the constants a and b of equation 3 varies with pressure. The 
fraction h/a decreases from 3.66 at 779.3 mm. to 3.58 at 402.4 mm. and to 3.37 
at 57.5 mm. of mercury. This indicates that at low temperatures, the relative 
importance of the structural factor, compactness (to), becomes somewhat in- 
creased over that of the parameter representing interatomic attraction forces (p). 

Inspection of table 1 also shows that compounds for which Ap = ~4 have in- 
creasing values of At at decreasing pressures, while for compounds which have 
Ap - 0, At falls rapidly with decreasing pressure.^ Other factors being equal, 
the separation by distillation of a branched-chain from a normal paraffin isomer, 
or of two branched-chain isomers, is therefore best performed at low pressures if 
the two compounds have widely different values of Ap, while better results are 

* For values of Aw and Ap, see table 3. 
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obtained at higher pressures for substances which have the same, or only slightly 
different, values of Ap. 


CONSTANTS OF THE ANTOINE EQUATION 

The Antoine equation (2) 

< = ^ - c 

A — log P 


(7) 


TABLE 1 


Boiling points of octanes 


COMPOUND* 

57 5 mm. Hg 

402.4 mm. Hg 

779.3 mm Hg 

^tcalcd 

^^olNld 

Deviation 

^^calcd 

A/obsd 

deviation 

^^calcd 


Deviation 

8 

0.(X) 

0.00 

0.(K) 

0.()0 

0 (K) 

0.00 

0.(K) 

0.00 

0.00 

2M7 

6.93 

7.26 

4-0.33 

7.43 

7.81 

4-0.38 

7.60 

8.03 

4-0.43 

3M7 

6.42 

6.24 

-0.18 

6.55 

6.61 

4-0.06 

6 60 

6 76 

+0.16 

4M7 

7.80 

7.21 

-0.59 

8.04 

7.75 

-0 29 

8.12 

7.96 

-0.16 

3P:6 

7.29 

6.71 

-0.58 

7.16 

7.03 

-0.13 

7.13 

7.13 

0.00 

22M6 

18.02 

17.12 

-0.90 

19.31 

18.39 

-0 92 

19 75 

18.84 

-0 91 

23M6 

10.06 

9.62 

-0.44 

10.13 


-0.16 

10.17 

10.06 

-O.ll 

24M6 

13.35 

14.83 

4-1.48 

13.98 

15.87 

+ 1.89 

M.20 

16.25 

4-2.05 

25M6 

13 86 

14.91 

4-1.05 

14.85 

16.12 

4-1 27 

15 10 

16.57 

4-1.38 

33M6 

14.22 

13.46 

-0.76 I 

14.59 

13.68 ! 

1 -0.91 1 

14.72 

13.69 

-1.03 

34M6 

8,17 

7.99 

-0.18 

7.79 i 

i 7.98 

4-0.19 i 

1 7 65 

7.93 

4-0.28 

2M3E5 

9.55 1 

9.94 

! 4-0 39 

9.26 

1 10.03 

1 4-0 77 i 

9 17 

10 (K) 

4-0.83 

3M3E5 

9.04 

8,81 

; -0.23 

8.38 

; 7.86 

! -0.52 i 

i 8 18 

7.38 

-0.8a 

223M5 

15.10 

15,66 i 

4-0.56 , 

15.20 ’ 

15 87 

4-0.67 1 

1 15.25 

15 81 

4-0.56 

224Mo . 

1 24.95 

24.64 : 

-0 31 i 

26.73 i 

26.00 1 

-0 73 

1 27 34 

26 44 

-o.oa 

233M5 

1 11.81 

12.03 1 

4-0 22 : 

11 35 

11.30 i 

-0.05 

! 11 22 

10.88 

-0.34 

2341VI5 

1 12.32 

12.27 ! 

1 1 

-0 05 ! 

12 23 

12.27 i 

4 0.04 

1 12.21 

t 

12.19 

-0.02 


* The (ieneva names of the alkanes are conveniently abbre viated as follows, the last 
number indicates the longest chain; M represents methyl, E ethyl; numbers before capital 
letters indicate position of groups. 

TABLE 2 


Rejercnce tfa lues for the normal paraffins 


1 

COMPOUND 

i ^ 

B 

1 Wn 

Pn 

n-Butane. .. 

! • - - 

6.830 

945 9 

1 10 

1 

n-Pentane . . 

6.852 

1064.6 

; 20 

2 

n-Hcxaiie . . 

6.878 1 

1171.5 

j 35 

3 

n -Heptane . : 

6.903 1 

1268.6 

! 56 

4 

n-Octane . . 

6.924 ! 

1355.1 

84 ! 

5 

n-Nonane ... j 

6.945 

1435.2 j 

120 

6 

n-Decane ... | 

6.954 1 

1501.3 

165 1 

7 


with i in °C. and P in mm. of mercury, is known (3) to give very accurate cor- 
relation of boiling point with pressure for organitt liquids. In the tables of the 
American Petroleum Institute (1), complete sets of values of the constants A, 
J5, and C are given for the paraffins up to CsHis. 
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The variation of these constants with changes in isomeric structure can be 
represented by relations similar to equation 2. Equation 2 was therefore fitted 
to the data for A and B, given in the A.P.I. tables, by the method of least squares, 
leading to equations 8 and 9. The constant C is calculated by substituting into 

TABLE 3 


Constants of the Antoine equation 


COMPOUND 

Aw 



^API 


l^onlod 

Coaled 

AVEKAOS 

DEVIATION 

2M3 

1 

1 

6.748 

882.8 

6.780 

893.9 

235.81 


2M4 

2 

0 

6.804 

1027.3 

6.816 

1032.6 

234.56 

0.02 

22M3 

4 

2 

6.738 

950.8 

6.736 

946.6 

236.05 


2M5 

3 

0 

6.839 

1135.4 

6.841 

1138.2 

227.15 

0.03 

3M5 

4 

-1 

6.849 

1152.4 

6.850 

1154.1 

227.50 

0.03 

22M4 

7 

0 

6.755 

1081.2 

6.791 

1093.7 

229.98 

0.08 

23M4 

6 

-1 

6.810 

1127.2 

6.825 

1131.8 

228.98 

0.05 

2M6 

4 

0 

6.880 

1240. 

6.866 

1236.0 

220.11 


3M6 

6 

-1 

6.862 

1238. 

6.870 

1246.6 

220.66 


3E5 

8 

-2 

6.873 

1249.8 

6.874 

1257.3 

221.41 


22M5 

10 

0 

6.815 

1190.3 

6.811 

1187.0 

222.83 

0.03 

23M5 

10 

-2 

6.858 

1240. 

6.855 

1241.0 

222.49 


24M5 

8 

0 

6.848 

1204. 

6.830 

1203.3 

224.20 


33M5 

12 

-2 

6.818 

1223.5 

6.837 

1224.6 

223.49 

0.26 

223M4. . . 

14 

-2 

6.800 

1205.0 

6.818 

1208.3 

223.26 


2M7 

5 

0 

6.917 

1337.5 

6.889 

1323.9 

212.66 

0.11 

3M7 

8 

-1 

6.899 

1331.5 

1 6.890 

1332.1 

213.35 

0.18 

4M7 

9 

-1 

6.901 

1327.7 

! 6.883 

1325.9 

213.60 

0.24 

3E6 

12 

-2 

6.891 

1327.9 

I 6.884 

1334.1 

214.74 

0.27 

22M6 

13 

0 

6.837 

1273.6 

6.833 

1273.9 

215.50 

0.07 

23M6 

14 

-2 

6.870 

1315.5 

6 870 

1321.6 

215,70 

0.17 

24M6 

13 

i -1 

6.853 

1287.9 

6.855 

1300.9 

217.92 

0.32 

25M6 . . 

10 

0 

6.860 

1287.3 

6.854 

1292.6 

216.24 

0.28 

33M6 

17 

-2 

6.851 

1307.9 

6.848 

1302.9 

210.16 

0.06 

34M6 . 

16 

-3 

6.880 

1330.0 

6.877 

1336.1 

216.63 

0.20 

2M3E5 

17 

-3 

6.864 

1318.1 

6.870 

1329.9 

217.74 

0.20 

3M3E5 . 

20 

-4 

6.867 

1347.2 

6.871 

1338.1 

217.10 

0.30 

223M5. 

21 

-3 

6.825 

1294.9 

6.842 

1304.9 

219.60 

0.25 

224M5 

18 

0 

6.820 

1262.5 

6 797 

1242.6 

218.07 

0.18 

233M5 

22 

-4 

6.843 

1328.0 

6.857 

1325.0 

218.64 

0.34 

234M5 

19 

-3 

6.854 

1315.1 

6.856 

1317.3 

217.93 

0.04 

223.3M4 .... 

26 

-4 

6.877 

1327.8 

6.829 

1300.6 

223.13 



the Antoine equation the values of A and B obtained in this way, together with 
the normal boiling points, when available. If the normal boiling point is not 
recorded in the literature, C may be obtained by using the boiling temperature 
calculated from equation 1. For table 4, the boiling points of some of the 
nonanes Avere estimated, considering both experimental and calculated values. 

The equations to be used for the calculation of AA and AB, with the least- 



VAPOH PHKBSURK-TEMPERATURE RELATIONSHIPS 


429 


TABLE 4 


Predicted values for the nonanes 


COMPOUND 


up 

/ulMd 

A 

h 

C 

2M8 . . 

6 

0 

143.3 

6.912 

1405.6 

205.4 

3M8 

10 

-1 

144.2 

0.911 

1412.8 

206.4 

4M8 

12 

-^1 

142.5 

6.900 

1402.9 

206.6 

3E7 

16 

-2 

143.0 

6.900 

1410.2 

207.9 

4E7 

18 

-2 

141.2 

6.889 

1400.3 

208.2 

22M7.. 

16 

0 

130.5 

6 856 

1356.2 

210.7 

23M7. 

18 

-2 

140.5 

6 889 

1400.3 

208.9 

24M7 

18 

-1 

133 6 

6.867 

1373.3 

210.9 

25M7 

16 

-1 

136.5 

6 878 

1383.2 

209.6 

26M7 

12 

0 

135.2 

6.878 

1375.9 

209.0 

33M7 

22 

-2 

137.3 

t).H67 

1380.6 

209.1 

34M7 

22 

-3 

140.5 

6.889 

1407.6 

210.7 

36M7 

20 

~2 

137 0 

6.878 

1390.4 

210.9 

44M7 

24 

-2 

135.0 

6 856 

1370.7 

209 8. 

2M3E6 . 

24 

~3 

138.6 

6 878 

1397.7 

211.1 

2M4E6 

22 

-2 

134.4 

6 H67 

1380.6 

212.0 

3M3E6 . . 

28 

1 -4 

140.0 

6 877 

1404 9 i 

211.6 

3M4E6 

26 

I 1 

141 0 

6 889 

1414 8 

212 0 

223M6 

28 

! -*3 

133.4 

6.855 

1377 9 

213.3 

224M6 

26 

! -1 

1 126.5 

6.823 

1333.8 

211.9 

225M6 .... 

22 

0 , 

124.1 

6.823 

1326.6 

212.4 

233M6 

30 

1 -4 

137.2 

6 866 

1395 1 

212.9 

234M6 . . 

28 

: “4 

139.0 

6.877 

1404.9 

212 6 

235M6 

24 

-2 

131.4 

6.856 

1370 7 

213.4 

244M6 . . 

28 

-2 

130.0 

6.833 

1350.9 i 

211.8 

334M6 . . . 

32 

-5 

139.6 

6.877 

1412 2 1 

213 8 

33E5 

32 

-6 

146.5 

6.899 

1439 2 

211 7 

22M3E5. . . 

32 

-4 

133 8 

1 6.855 

1385 2 

214 8 

23M3E5 . 

34 

-6 

142.4 1 

6.888 

1429.1 

214 3 

24M3E5 

30 

-4 

136.7 1 

6 866 

1395 1 

1 213.4 

2233M5 

38 

-6 

140.2 

6.866 

1409 6 

213 5 

2234M6 

34 

-4 

133.0 

6.844 

1375.3 

214.1 

2244M5 

32 

0 

122.3 

6 811* 

1316.7* 

212.8 

233>»M5 

36 I 

-6 

141.5 

6 877 

1419 4 

213.7 


* For 2,2,4,4-tetramethylpentano, { of AAcaicj and of ABcaicd woro used, in order to 
give p)artial correction to a large error characteristic of this compound 


squares constants reduced to the minimum number of significant figures, are 

Ai4 = Aw + 0.022A;> (8) 

Aw + 27 Ap (9) 

A and B arc obtained by subtracting the calculated values of Ad and AB from 
the reference values for the normal paraffins, given in table 2. 

The values of A and B, as given by the A.P.I. tables and as calculated from 
equations 8 and 9, are compared in table 3. The average detuations are dz 0.010 
for A and zk 6.7 for B. 
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An estimate of the error resulting from this method of calculation is best ob- 
tained by comparing observed and calculated boiling points at different pressures. 
For this reason, boiling points were calculated, from the Antoine equation and 
calculated values of A, J9, and C, for the 466 points at which the vapor pressure- 
temperature equilibrium of twenty-three branched alkanes was studied by 
Willingham, Taylor, Pignocco, and Rossini (6). The average deviation be- 
tween observed and calculated boiling temperatures for each of these paraflSns 
is given in table 3 (last column). For all 466 boiling points, the average devia- 
tion, disregarding sign, was ± 0.17°C. This agreement is satisfactory. 

The deviation between observed boiling points and values calculated by the 
method given here is due to three factors: (a) the error due to inadequate repre- 
sentation of the data by the Antoine equation; this error is small, generally be- 
low 0.1°C., and is randomly distributed; (b) the error due to the use of equations 
8 and 9 in calculating A and JB ; this is the main error for the compounds in table 
3, where its average value is seen to vary from 0.1 to 0.3®C. ; for each compound, 
the error due to this factor is, roughly, inversely proportional to the pressure, so 
that it becomes quite large below 100 mm. of mercury; (c) the error in the ob- 
served boiling point used in the calculation of constant C; this error is constant 
and independent of pressure for each compound; it is the main (component of the 
uncertainty of calculated boiling points for the nonanes. As more accurate 
boiling-point values for the branched-chain nonanes become available, the values 
of the constant T should be changed accordingly, in order to reduce the error 
inherent in the calculations. 

Calculated values of A, B, and C, together with the boiling-point values used 
in the calculation of C, for the thirty-four branched nonanes, are given in table 4. 

SUMMARY 

The boiling points of the branched-chain alkanes at pressures from 57 to 780 
mm. of mercury’' are expressed as functions of two structural variables by equa- 
tions of the form A/ = ~^Atc + bAp, The coefficients k and h are given by simple 

ft 

logarithmic funcjtions of the pressure. 

The constants A and B of the Antoine equation, for branched-chain alkanes, 
are related by equations of similar form. When the constant C is evaluated 
from the normal boiling point, the average deviation between observ'ed and cal- 
culated boiling points, tested on 466 points at which the vapor pressure-tempera- 
ture equilibrium of isomeric alkanes is given in the literature, is ± 0.1 7°C. 
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Organic Analytical Reagenia. VoL II, By P'rank J. Welch er. 530 pj). New York: D. 

Van Nostrand Co., Inc., 1947. Price: $8.00 (series price, $7.(X)). 

The first volume of this “handbook** was published early in 1947 and was reviewed in 
this Journal (J. Phys. Colloid Chem. 61, 1035 (1947)). The rapid publication of \'olume TI 
of this series will bo appreciated by all analytical chemists and other chemists who arc in- 
terested in the analytical application of organic reagents and solvents. The general nature 
of the book and the classification of the various compounds have been described in the 
review of the first volume. 

The present volume comprises ten chapters dealing with organic acids, halogen-substi- 
tuted acids, hydroxy acids, amino acids, miscellaneous acids, acyl halides, acid anhydrides, 
esters, amines, and quaternary ammonium compounds. As in the first volume an index of 
names and synonyms of organic reagents and an index of the uses of organic reagents are 
given at the end of the book. 

The application of the reagents is confined to inorganic analysis. As in the first volume 
the literature is covered thoroughly up to January 1, 1946, and the reviewer did not discover 
any serious omissions. Under safranine the application of this substance as an adsorption 
indicator in argentomet ric titrations might have been mentioned. Also, a brief general 
discussion of the use of various compounds as oxidation-reduction indicators (e.g., benzi- 
dine, diphenylaminc, diphenylbenzidine, etc.) with a list of oxidation potentials would be 
desirable. 

This second volume is a w^elcomc addition to the library of analytical chemists. 

I. M. Kolthoff. 


Symposium on Plasticizers. 85 pp. New York: Interscience Publishers, Inc., 1947, 

Price: $1.75. 

This volume consists of five papers which were given at a Symposium on Plasticizers held 
at the University of Buffalo on June 7 and 8, 1946, together with a brief introduction by E. 
F. Izard. The papers are reprinted without change from the Journal of Polymer Science, 
Vol.2, No. 2 (1947). 

The papers are: “Survey of Plasticizers for Vinyl Resins’* by M. C. Reed; “Application 
of a Mechanistic Theory of Solvent Action to Plasticizers and Plasticization” by Arthur K. 
Doolittle; “Internal Plasticization; The Effect of Chemical Structure” by V. L. Simril; 
“Effect of Plasticizers on Second-order Transition Points of High Polymers’* by R. F. Boyer 
and R. S. Spencer; and “Creep Behaviour of Plasticized Vinylite VYNW” by W. Cuken, 
T. Alfrey, Jr., A. Janssen, and H. Mark. 

Workers in the field of plasticizers will find it convenient to have this collection of ar- 
ticles if they do not have access to the journal in which they appeared. It seems that- such 
a publication as this might be increased in value if the informal discussion held at the Sym- 
posium were given in abbreviated form, 

E. J. Meehan. 

Physical Chemistry . First edition. By E. D. Eastman and G. K. Rollefson. viii + 504 

pp. Newr Y'ork and London: McGraw-Hill Book Company, Inc., 1947. Price: $4.50. 

This excellent introductory text in physical chemistry has been prepared by revision and 
extension of a syllabus in use at the University of California since 1942. Its publication, 
delayed by the untimely death of Professor Eastman, w'ill be of interest to those who wdsh 
more descriptive material than most such texts provide, particularly with respect to the 
more recent ideas in chemistry. 

The arrangement of subject matter is somewhat unusual in some respects. The chapters 
are generally short, with numerous exercises and problems at the end of nearly all. The 
first law' of thermodynamics is introduced immediately after the descriptions of the inter- 
actions and states of material systems, and is followed by its applications in thermochem- 
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istry. The chapter on the liquid state follows the chapters relating to the gaseous and solid 
states, an arrangement which permits discussion from both of the applicable points of view. 
The chapters on atomic structure, molecular structure, and radioactivity and nuclear reac- 
tions are particularly good, as are also the numerous other discussions throughout from the 
structural point of view. The second law of thermodynamics is introduced after a short 
chapter on solutions, and is followed by a discussion of phase equilibria in one-component 
systems. Then, before introducing the student to more complicated phase equilibria in 
multicomponnt systems, the authors make a careful unification and extension of concepts 
in discussions of escaping tendency and the properties of ideal solutions. The excellent 
chapters on chemical equilibria and kinetics contain numerous exercises worked out in 
detail and, subsequently, numerous problems for the student. The chapters on conduct- 
ance and transference and on elect romotive force are well done, as are also the final chapters 
on interactions of light with matter and on surface phenomena. 

As a result of the somewhat more descriptive point of view even some of the simple 
derivations are not included, but references to standard works where they may be found 
are given, and they may usually easily be supplied in the lectures. The literature refer- 
ences are somewhat too few, and very often quite troublesome to follow up when only the 
author and year are given; this tendency detracts somcwdiat from the book’s value as a 
reference w’ork. The first editions of all technical books contain errors, and a few of the 
important ones present here may be worth noting. C'crium is not the only rare earth in 
which the 4/ electrons play a chemical r61e (p. 180), as is evidenced by higher valence states 
of praseodymium and terbium. The authors have confused the meanings of the terms 
^Oattice” and ‘^structure” in the chapter on the crystalline state, and have used them inter- 
changeably. A number of the restrictions on thermodynamic variables in statements and 
equations in Chapter XV have been omitted. Thus (p. 156) AA « 0 for a reversible process 
only if V (as well as 7’) is constant. Equation (4) on p. 257 and the statements regarding 
AF in Section 10, below, are, of course, true with the restrictions that both p and T are con- 
stant. Equation (8) on p. 260 and the first equation on p. 267 need the restriction that p 
is constant. The second equation on p. 267 is true only when T is constant, and is given 
correctly on p. 259. 

The publishers have cooperated in presenting this book extremely well, on excellent 
paper, and with very few misprints. 

Under the guidance of a competent teacher the student wdll find this an excellent begin- 
ning text in physical chemistry, and it is most heartily recommended. 

William N. Lipscomb. 

Richter -Anschutz: The Chemistry of the Carbon Compounds, Vol, IV, The Heterocyclic 

Compounds and Organic Free Radicals. Third English edition, based upon the twelfth 

German edition. Translated by M. F. Darken and A. J. Mec. xv 4* 498 pp. New 

York: Elsevier Publishing Company, 1947. Price: $12.00. 

This is the fourth, and final, volume of the literal translation of Richter -Anschutz, The 
text is that of the twelfth German edition, published ip 1935; the material in this translation 
corresponds to Volume III (heterocyclic compounds) and to a portion of Volume II, part 2 
(radicals) , of the German edition. The section on the heterocyclic compounds was written 
by F. Reindel and the translation is by M. F. Darken; the section on radicals w^as Written by 
Ludwig Anschutz and the translation of this is by A. J. Mee. 

The book is the standard ‘^Richter”, well known to all chemists. The conventional plan 
of treatment has been followed. The book-making is good but, all in all, it is difficult to 
understand the necessity for a translation of a book now twelve years old — a book which 
can hardly be of much more than historical value, and this reviewer feels that the energy 
put into the making of this book could wmll have been expended more profitably on some- 
thing else. The price ($12.00) is excessive. 


Lee Irvin Smith. 
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Advances in Enzymology, Vol. 7. Edited by F. F. Nord. xi -f 665 pp. 215 Fourth Ave- 
nue, New York: Iiitcrscience Publishers, Inc., 1047. Price: $8.75. 

This seventh annual review maintains the high standard set by previous issues. Some 
two or three years ago the editor, Dr. F. F. Nord, included articles in areas of biochemistry 
not primarily enzymatic in nature but dealing with various phases of natural phenomena 
that at some point are involved in enzymatic processes. The same is true of this volume. 

A lucid survey of the properties of protoplasm by William Seifriz follows a discussion of 
the use of enzyme rea(ttions to study cell permeability, the latter arti(;le by S. C. Brooks, 
Optically active syntheses (both biological and chemical) are surveyed by P. D. Ritchie. 
Professor O. Hevesy has collected the most important work on the use of radioactive phos- 
phorus, sulfur, and iodine in turnover studies, in which field he is preeminent. 

Two articles deal with the important field of the porphyrins — the general chemistry of 
the tctrapyrroles and their metallic derivatives is considered by S. (Iranick and H. Gilder, 
while IJ. Theorell has w'litten an accompanying article on heme-linked groups and the 
hernoproteins. 

Two reviews treat more directly with enzyme systems. Frank H. Johnson describes 
the w'ork done on luminescent bacteria, a field in which he and K. N. Harvey have con- 
tributed nmeh; a major portion of the paper considers the physicochemical principles in- 
volved. In a paper entitled “Kidney Phizymes and Essential Hypertension’^ Schales dis- 
cusses the enzymatic nature of renin and of hypertensinase as well as the balance between 
their actions, and concludes with a consideration of the clinical avspects of hypertension. 

Attention has recently turned to the need evidenced by microorganisms for vitamins; 
these bodies yield iiiter(‘sting studies on the rates of reactions involving intermediate 
metabolism. A chapter dealing particularly wdth nicotinic and pantothenic acids comes 
from the pen of Henry Mcllwain. 

The list of antibacterial substances obtained from fungi and green plants has growm very 
rapidly since the first observations on penicillin. F. Kavanagh lists thirty-eight com- 
pounds which have been definitely characterized; in addition he notes others w'hich have 
not been as thoroughly studied. 

Fromageot has a paper on the oxidation path in the animal body of the major sulfur com- 
pounds. The last chapter by F. JM. Hildebrandt is a very readable survey of the recent 
problems and advances in tlie field of industrial fermentations. 

Dr. Nord has again rendered biochemistry a distinct service in securing outstanding 
wmrkcrs to wTite the twelve articles; the international scope is indicated by the fact that five 
of the surveys were prepared in England, Sweden, and France. Subject and author in- 
dexes for this volume are appended, as w ell as a cumulative index for the first seven volumes. 

W. M. Sandstrom. 


Colloids. Their Properties and Applications. By A. G. Ward. 133 pp. New" York: 

Interscience Publishers, Inc., 1947. Price: $1.75. 

This little volume on colloids attempts to cover the field of colloid science as completely 
as possible but in a very elementary way. The author divides the work into three parts: 
I. The Nature of the Colloidal State. 11. The Colloidal Systems. III. Colloids in Indus- 
try and in Living Matter. 

The discussion of all phases of the subject is reasonably well brought up to date. An 
elementary description of such research instruments as the ultramicroscope, the surface 
balance, and the electron microscope is given in order to show their usefulness in experi- 
menting w'ith substances in the colloidal state. In order to emphasize the relative size of 
substances in the colloidal state the author feels that the average student would better 
understand these relations if he had a supcrmicroscope which magnified 100,000,000 times. 
He could therefore follow each dimension in the book with a parenthetical figure obtained 
by this multiplication. This may appeal to the student who is just beginning to study the 
subject. 

The volume is written in a pleasing manner and may be considered as a non-mathema( ical 
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introdui^tion to the subject. As such it may find a useful place among beginning students. 
Part III has some well-chosen chapters but seems to be somewhat too brief and too lacking 
in its attempt to cover a large subject. I^ess than four pages are devoted to colloids and 
living matter. 

L. H. Retbrsok. 

The Chemistry of Portland Cement. By Robert Herman Bogue. xv -f 672 pp. New 

York: Reinhold Publishing Corporation, 1947. Price: $10.00. 

This excellent bdbk is written primarily for the cement chemist, and from the point of 
view of the research chemist concerned with the chemical problems of the industry. In 
these respects Dr. Bogue is well qualified, having served since 1924 as Research Director of 
the very effective group under the Portland Cement Association Fellowship of the Na- 
tional Bureau of Standards. 

The book is divided into three parts. Part I, The Chemistry of Clinker Formation, 
deals with high-temperature reactions in the dry state. Part III, The Chemistry of Cement 
Utilization, is concerned with the reactions of cement with water or solutions. Part II, 
The Phase Equilibria of Clinker Components, is an excellent presentation of the principles 
and techniques of high-temperature phase research, followed by an extensive description of 
the system CaO — Al 203 -Si 02 (these three oxides constitute over 90 per cent of commercial 
Portland cements). Then follow descriptions of other systems involving the additional 
clinker constituents MgO, FeO, Ti02, Fe-iOs, K 2 O, Na^O, and Li20. 

The book has been very carefully prepared, and there appear to be very few errors. The 
omission of h and c unit-cell dimensions for orthorhombic CajFeaOfi on page 141, and the use 
of the term ‘^octagorf’ instead of ‘‘octahedron*^ on page 142 may be mentioned. The 
careful reader may wish that the author had been more critical of some of the results 
reported, although his completeness in reviewing the literature resolves many of the 
chronologically earlier errors. Thus the conclusion (page 144) that a structure having the 
different interatomic distances of Fe-0, Ca-O, Si~0, and Al^O could not produce an x-ray 
powder diffraction pattern of sharp linos is highly questionable. The two-page description 
of a paper by Flint and Wells (page 285 ff.) leads to the very unlikely values of the second, 
third, and fourth ionization constants for the species H 4 Si 04 all on the order of 10“**, whereas 
they may reasonably be expected to differ from one another and from the first ionization 
constant by a factor of about 10“^ or 10“*. The author*s choice to be less critical, as well as 
his decisions to limit his discussion to cements of the Portland class, and to omit descrip- 
tions of routine tests have, how'cver, kept the book from becoming unduly lengthy. 

The remarkable thoroughness with which the book has been prepared is quite apparent 
in the (somewhat lengthy) history of cement manufacture, the careful documentation of 
ideas' and results, the excellent list of references at the end of each of the thirty chapters, 
and the inclusion of many as yet unpublished investigations. This book will probably 
remain an authoritative text for the cement chemist for many years to come. It should also 
be of interest to chemists in other fields and to the non-specialist, particularly if he is con- 
nected with the cement industry. 

The publishers have been especially careful in the presentation of the photomicrographs 
and electron-microscope photographs in this generously illustrated book, and in the re- 
production of the many prelabelled phase diagrams. 

William N. Lipscomb. 

Table of the Bessel Funttions Jo{z) and Ji{g) for Complex Arguments. Second edition. 

Prepared by the Mathematical Tables Project, National Bureau of Standards. 381 pp. 

New York: Columbia University Press, 1947. Price: $7.50. 

The tabular material is identical wdth that in the first edition. Some minor revisions 
have been made in the introduction, including the relation between the tabulated functions 
on the 45® ray and the her and bei functions. 
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Certain errors in the labeling of the graphs in the first edition have been corrected on 
pages XV and XVII. 


S. C. Lind. 


Organic Analytical Reagents. Vol. III. By Frank J. Wblcher. 593 pp. New York: 

D. Van Nostrand, Co., Inc., 1947. Price: $8.00 (series price, $7.00). 

The main purpose of this comprehensive work has already been stated in the review 
of the first volume (J. Phys. Colloid Chem. 61, 1035 (1947)). The present volume is of 
particular interest to all analytical chemists because it gives all the applications of such 
important reagents as dipyridyl and its derivatives, dioximes, monooximes, nitroso com- 
pounds, (including cupferron) carbazides, and diphenylthiocarbazone. The book is di- 
vided into three parts. Part I (157 pages) deals with heterocyclic nitrogen compounds and 
contains five chapters; Part II (258 pages) deals with the oximes (nine chapters); and Part 
III (164 pages) discusses acidic imino compounds (five chapters) . The literature is covered 
almost completely and few omissions have been found. The use of pyridine in the Karl 
Fischer reagent for the determination of water might have been mentioned. A list of 
oxidation potentials of the ferrous-ferric iron complexes of dipyridyl and derivatives should 
have been included, and also their use as indicators certainly deserves a special section. 

Analytical chemists are indebted to the author and his coworkers for making this im- 
portant reference book available . The author also deserves praise for the rapid appearance 
of the successive volumes. 

I. M. KoLTHorF. 


Monograph on the Progress of Research in Holland During the War. Technological and 

Physical Investigations on Natural and Synthetic Rubbers. By A. J. Wilschut. 14.5 x 

20.5 cm. xi -f 173 pp.; 72 fig.; 17 tables. New York: Elsevier Publishing Company, 

Inc., 1946. Price: $3.00. 

This monograph is one of a series on the progress of research in Holland during World 
War II. Part I of the monograph deals with technological investigations and Part II with 
physical investigations on rubbers. In Chapter 1 elastic high-polymeric substances are 
classified into ‘‘rear’ rubbers and rubber -like materials. The distinction is based on vul- 
canization, the former being vulcanizable and the latter non-vulcanizable. Compounding 
formulae for both pure gum and carbon black stocks are given and the mechanical, elec- 
trical, chemical, and physical properties, together with aging data of the stocks, are given 
and discussed. 

Chapter 2 includes measurements on the plasticity of unvulcanized rubbers, special 
aging tests, and a discussion of the mechanism of aging. This is followed by a mathe- 
matical interpretation of the stress-strain curve. 

Chapter 3 discusses vulcanization with non-sulfur vulcanizing agents. In addition to 
those known to the authors up to the year 1939, 2,4-toluylenc diisocyanate is mentioned as 
being capable of vulcanizing rubber in benzene solution. The greater part of this chapter 
is devoted to a discussion (with data) of the vulcanization of rubber with synthetic resins. 
A discussion of Van der Meer’s theory of the vulcanization of rubber by phenolic resins, 
based on the formation of quinones as intermediates, is given. 

Chapter 4 of Part II is devoted to a resume of the importance of fundamental physical 
measurements in the determination of the structure of high polymers. 

Chapter 5 on “Plasticity and Elasticity” is somewhat of a review and not entirely a re- 
port of investigations which were carried out in the Netherlands during the war period, as 
indicated in the introduction. 

The calculation of degree of crystallization of rubber from thermodynamic data, as is 
done on page 105, is open to question because the points for tension of the partly crystal- 
lized rubber are time dependent (sec Bekkedahl: J. Research Natl. Bur. Standards 13, 
411 (1934)). Several hours may be required for equilibrium to be reached between the amor- 
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phous and crystalline states, during which time the tension would continue to drop. Thus, 
the calculated degree of crystallinity would be greater the greater the time taken to obtain 
measurements of tension at each temperature. In the experiments described by Wildschut 
the tension was measured after 10 min. at each temperature. At longer times the higher 
values for the amount of crystallinity in natural rubber would be more in line with the x-ray 
results of Field (J. Applied Phys. 12, 23 (1941)), and the degree of crystallinity determined 
from birefringence by Treloar (Reports on Progress in Physics 9 , 121 (1942-43)). 

In the discussion of internal friction (page 129) reference should have been made to the 
electrical resonance types of forced vibrators development for the measurement of dynamic 
modulus and internal friction. The apparatus of Naunton and Waring was described at 
about the same time (Proc. Rubber Tech. Conference, London, 1938 , 805) as the Kosten 
type referred to by the author. Improvements have been made over the Naunton and 
Waring vibrator in later apparatus developed in this country (Gehman, Woodford, and 
Stambaugh: Ind. Eng. Chem. 38 , 1032 (1941); Dillon, Prettyman, and Hall: J. Applied 
Phys. 16 , 309 (1944)). 

Chapter 6 deals with the mechanical properties of rubber and rubber-like substances at 
very low temperatures and at temperatures up to 100°C. An apparatus for the determina- 
tion of the tensile strength of rubber at the temperature of liquid hydrogen (— 253°C.) is 
described and illustrated. Data for the experiments are presented. The chapter con- 
cludes with data on the tensile strength of rubber as a function of the degree of swelling. 

Chapter 7 describes the work of Goppel on the determination of the amount of crystal- 
line material in stretched raw and vulcanized rubber. The crystalline material in raw rub- 
ber increases with age, approaching a maximum of about 30 per cent. The amount of crys- 
talline material in stretched vulcanized rubber docs not exceed 30 per cent and Goppel 
therefore pictures stretched vulcanized rubber as an amorphous phase with dispersed 
oriented crystallites and not as a crystalline phase with some amorphous material around 
the crystallites. 

Several investigations on the electrical properties of rubber are treated briefly in Chapter 
8. It is concluded that ‘‘the cause of the dielectric losses in natural rubber and analogous 
substances lies in the electrical asymmetry of the rubber molecules themselves.*^ 

The monograph of 173 pages concludes with the chapter “General Conclusions,” in which 
are summarized the important deductions reached from experimental work recorded in 
previous chapters. Those interested in the research and technology of rubber will find the 
monograph interesting and stimulating. Certain new approaches to the problem of the 
structure of rubber are recorded for the first time. 


R. F. Dunbroox. 



introdxktion to symposium on radiation chemistry and 

PHOTOCHEMISTRY* 

S. C. LIND 

Institute of Technology y I nivcrsity of M imiesotay M nineapoliSf Minnesota 
Received October 23, 1947 

It; is significant that this, the first symposium on radiation chemistry, is held 
soon after the close of World War II. The reason, I think, is not far to seek. 
Wliile radiation chemistry is not directly a part of nuclear chemistry, the two are 
of* necessity (‘losely related. The high-energ>" particles that producti chemical 
reaction are of nuclear origin, and now that fission produces these particles in 
great abundance, their chemical effects become the subject of enhanced interest. 

But not only has nuclear fission brought renewed emphasis upon radiation 
chemistry, it also brings new and very active agents, ^\^lile it is true that alpha 
particles, which have been the principal activating agents in w hat w'e may call 
cla^ssical radiation chemistry, arc practic^ally absent in fission, nevertheless new 
types of high-speed particles may more than compensate for the lack of alpha 
radiation. (kTlainly in fission there is no dearth of ionization whi(*h, after all, 
is the first condition for chemical effects. 

High-speed neutrons would not be expected to produce ordinary chemical 
action, since they act on nuclei and not on the electronic system of the elements 
through w'hich they pass. But in sharing their energy w'ith light nu(‘l(n they 
liberate high-velocity particles such as protons that are capable of producing 
chemical actions much like those caused by alpha particles. Moreover neutrons, 
in acting on the nuclei of different elements, bring about reactions of “discora- 
position’’ which, as Dr. Burton (2) recently pointed out, have proved to be of 
great interest. Perhaps w’e may hear more of the behavior of neutrons in this 
regard during this present conference. 

Another source of chemical activation besides the abundant beta and gamma 
radiation consists in the fission fragments themselves. 'Jliey have velocity and 
energies far beyond those of recoil atoms from alpha particles and would hence be 
expected to produce ionization and chemical action in enliaiu^ed degree. 

Quite aside from fission, the chemical reactions accompanying ionization have 
taken on an increased interest for biochemistry in liquid and solid systems. 
Biologists, almost from the beginning, have recognized that ionization is the 
controlling factor in the effects produced in living tissues by x-rays and y-rays. 
Some chemical studies have been made of these effects. There is, howevci’, an 
increasing desire to be able to fix the locus of the effect within the molecular 
structure of radiated tissues. Especially do we need the answer to tlie question 
as to w^hat part or particular radical in the large molecules is effectiv’^e in absorb- 
ing the radiation and bringing about the observed changes. 

* Presented at the Symposium on Radiation (/homistry and Photochcinistiy which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947 
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Tentatively this problem may be approached from the standpoint of ionization. 
We know the stopping power and specific ionization of many simple molecules 
for alpha particles passing through them in the gaseous state. Indirect evidence 
from chemical effects indicates ionization to be largely independent of the state 
of aggregation. In mixtures of the gases (and presumably in liquids and 
solids) the laW of mixtures applies to stopping power and ionization. The 
kinetics of many reactions in gaseous mixtures have been studied and elucidated 
on this basis; the rate of reaction is proportional to the total ionization produced 
in the mixture by the passage of alpha rays. 

Suppose then that we have in a single organic molecule groups of different 
character, — let us say, one or more carboxyl groups and a long hydrocarbon chain. 
What can we predict about the action of alpha radiation on the different radi- 
cals? Will the probability of action on a given group be dependent by chance on 
its part of the total stopping power as might be expected if it were a free gas 
molecule, or will some chain effect transfer the activation imparted at one point 
or to one group to some other part of the molecule? In liquid hydrocar])ons 
bombarded by high-voltage cathode rays Schoepfle and Fellows (6) have shown 
that abundance of methyl groups replacing hydrogen in the straight-chain hydro- 
carbons increases the ratio of methane to hydrogen in the gases liberated. This 
result indicates that, when ionization removes a bonding electron, hydrogen or 
methane is produced depending on whether the broken bond be one holding a 
hydrogen atom or one holding a methyl group. We also have strong evidence of 
similar action in the behavior of aliphatic acids of various chain lengths, as re- 
cently reported by the M.T.T. group in work on a project of the American Petro- 
leum Institute (1, 3, 7), patticularly in the elimination of carbon dioxide and 
methane. What happens to the rest of the molecular chain following the removal 
of carbon dioxide or some other radical is of the greatest interest. Over-all reac- 
tions of the type RCOOH CO 2 + RH have been shown to represent the larger 
part of the chemical action. It would be surprising, however, if sometimes in the 
long-chain carboxylic acids the removal of hydrogen or of a methyl group, in- 
stead of merely causing condensation within the single molecule, did not cause a 
molecular doubling, thus producing a dicarboxylic acid of double chain length. 
Such doubling seems to be the usual thing in the hydrocarbon gases, as shown by 
Lind and Bardwell (5) and more recently by Honig and Sheppard (3). To deter- 
mine whether such condensation does take place would require a (complete quan- 
titative examination of all the reaction products, including the solid or liquid 
phase. 

If such analysis showed the complete absence of doubled molecules containing 
carboxyl groups, it would represent a marked difference from the behavior of the 
saturated hydrocarbons. The influence of the carboxyl group in causing a one- 
sided reaction resulting exclusively in its own elimination would indicate an inter- 
pretation of considerable interest. Admitting that initial ionization should occur 
at any part of the chain dependent on the stopping power of any given radical in 
the chain, we are faced with the conclusion that the seat of activation is in some 
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way transferred to the carboxyl group. The result is the liberation of either 
carbon dioxide or carbon monoxide molecules. That the amount of carbon 
monoxide found could not be produced by reduction of carbon dioxide by hydro- 
gen or methane under action of alpha rays is known from direct experiment (4). 
The mechanism of transfer of activation along the (ihain might be by electron ex- 
change from group to group. Aside from any theory, if selective action within 
the molecule can be firmly established, a conclusion of great interest to biochem- 
istry will have been reached. 

To go into the general theory of the reaction meciiaiiism of radiation chemistry 
would not 1)e suitable for this brief introduction. Presumably, theory will fre- 
quently foi’m a part of our subsecjuent discussions and may be postponed in de- 
tail for later o(?casions. However, some general remarks may not be out of 
place. 

The fixing of mechanism in chemical kinetics is always difficult and often un- 
certain. Radiation chemistry is no exception, but does offer certain advantages. 
The employment of radon as a sourc(‘ of radiation aff‘oi-ds definite conditions 
much simpler in some rosiiects than in photochemistiy. On tli(* other hand, the 
action of alpha particles is so general and unselect ivc that sc(‘ondary action fre- 
quently inti*o(liices serious complications \Nhich prevent a complete kinetic study. 
For examj)l(‘, leactions of the aliphatic hydrocarlxms are too complicated to be 
suitable for kinetic anabasis or theory. The stability of gascnnis carbon dioxide 
or wat(‘r under alpha radiation is a great (‘onvenience, but even carbon dioxide is 
subject to secondary combination with hydrogen or methane. 

(icnerall}' two ideas have dominated the theory of radiation chemistry: One is 
that the ions themselves are the direct agents in the reactions. There is a great 
deal of exact quantitative evidence in favor of this theory but little theoretical 
support. A se(*ond idea that has had great support in recent years is that the 
chemical effects of radiation are brought about by the action of fi-ee radicals or 
atoms. There is strong theoretical but little experimental evidence of cpiantita- 
tive character supporting this view. We know practically nothing of the way in 
which the cnerg\^ of alpha particles is expended except by ionization. Since the 
average energy expended per ion pair pnxluccd is about 3.5 e.v. and the ionization 
potential of most gases is about half this quantity, there has been a surprising 
amount of speculation as to what the other half may do in bringing about action 
through the intermediation of free radicals, atoms, or excited states. 

Last fall at tdiicago, Professor Franck called attention to the difference 
between the energy spent per ion-pair and the ionization potential of eight simple 
gases, including tlu? five inert gases. The difference varies from 3.2 e.v. for 
helium to 18.0 e.v. for nitrogen. Presumably this difference would contribute to 
additional reaction over and above that due to ionization. But what are the 
experimental facts Let us take the simple case of acetylene polymerization. 
If we introduce radon into pure acetylene at any pressure, about twenty molecules 

* See also the discussion i)y Dr. Charles Roscnblum later in this Symposium (J. Phys 
Colloid C^hem. 62 . 174 (1948)). 
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of acetylene polymerize to solid cuprene per ion-pair. The rate of the reaction 
is proportional to the gas pressure and to the quantity of radon. The kinetics 
are excellent. But this alone tells nothing about ionization. But now if one 
adds to the acetylene one of the inert gases helium, neon, nitrogen, argon, kryp- 
ton, or xenon, the rate of polymerization is increased and good kinetics are ob- 
tained only by substituting for the partial pressure of acetylene the sum of its 
partial pressure and the equivalent (in terms of specific ionization) pressure of the 
respective inert gas. In other words, the reaction rate is proportional to the 
total ionization of both gases, not of acetylene alone. This is a severe test, in- 
cluding gases with a large range of specific ionization from heliiun to xenon. 
But the kinetics are so perfect that no room is left for the intervention of other 
types of activation. The same yield is obtained whether from helium with its 
small difference of 3.2 e.v. or from nitrogen having a difference of 18.0 e.v. 

Of course one can say that the activation of whatever nature is only propor- 
tional to the ionization. But besides the lack of experimental evidence a new 
difficulty must be faced. If CaHj''' ions are produced from N2+ by collision with 
C*Hj molecules, will the free radical production still be in the same proportion as 

■ in CjHj C2H2+ -f e? If this assumption is too violent, then the alternative 

seems to be clustering about the positive ion, whether C2H2''' or N2'^. 

It should be emphasized that conclusions cannot be drawn from one reaction. 
The evidence from all reactions should be considered as a w'hole. Naturally, ex- 
ceptions occur and sometimes chain mechanisms are found (e.g., CI2 + H2 or CO 
-f CI2). The reaction between hydrogen and bromine is very complicated, hardly 
suitable for a basic kinetic study under alpha radiation. 

The claim that removal of ions from the system reduces the rate of reaction 
should be reexamined. A priori, one would not expect that enough ions could be 
withdrawn by fields below the threshold for new ionization by shock. 

In closing let us recall some of the indirect supports of the cluster theory. 

(1) Exclusive oxidation when oxygen is present. Affinity of oxygen for elec- 
trons furnishes oxygen upon recombination of positive and negative ions. 

(2) Smaller M/N values in the absence of oxygen. 

(3) Occlusion of small amoimts of inert gas in solid cuprene polymerized by 
a-rays. The inert gas is easily liberated by gently heating the vessel wall, thus 
restoring the partial pressure of inert gas. 

(4) Carbon dioxide alone is not decomposed by a-rays, but when a suitable 
acceptor for the C02‘*' ion is introduced, such as hydrogen or methane, addition 
reaction ensues wth rate proportional to both C02‘^ and CH4''' (or H2''') ions. 

(5) In any mixture of reactants the rate is proportional to the sum of both ions, 
not to one species alone as might be assumed if a radical of one kind were instru- 
mental. 

(6) Reactions such as the polymerization of acetylene show no characteristics 
of chain mechanism, differentiating them sharply from reactions having a true 
chain mechanism, such as the reaction of hydrogen with chlorine or of carbon 
monoxide with chlorine. 
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INTRODUCTION 

In a broad sense there is, of course, no distinction between radiation chemistry 
and photochemistry. In practice, however, there are a number of essential dif- 
ferences between the two. The object of the present paper is to raise a number 
of the more important questions for discussion, rather than to give an over-all 
picture of radiation chemistry, since this will be done in later papers. The dis- 
cussion will be confined entirely to the gaseous state for simplicity, and also to 
avoid duplication of the materials in the papers of Allen, Burton, and others. 

A great deal of fundamental work has been done on the physics of the processes 
which occur when a beam of ionizing radiation is sent through matter. It is 
found that roughly half the energy of the beam is expended in the production of 
ions, and the remainder in the production of excited molecules. The quantitative 
comparison of the number of molecules reacting with the number of ions formed 
has proved a much more difficult task than the determination of quantum yields. 
Also, the preoccupation with ionization has delayed until quite recently a recog- 
nition of the importance of excited molecules and of secondary reactions involv- 
ing atoms and radicals. It should be emphasized that, it is possible for the ion- 
pair yield to have no direct significance, and to be nothing but a rough measure 
of the number of molecules concomitantly excited, and causing reaction. 

THE PRIMARY PROCESS 

In photochemical reactions the primary process is, of course, strongly depen- 
dent on the wave length, and in fact the reactant may be quite transparent to a 

^ Prosentod at tho Symposium on Radiation (4iomistry and Photochemistry which was 
held at the Univeisity of Notre Dame, Notre Dame, Indiana, Juik' 24-^27, 1947. 

® Contribution No. 1557 Irom the National Research Laboratories, Ottawa, C^'anada 
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range of wave lengths. Reactions can therefore be investigated over a range of 
wave lengths, and in some cases distinctly different primary processes may be 
found in different spectral regions. 

In the case of reactions initiated by penetrating radiation, or by fast particles, 
the situation is quite different. Since the energy of the particle is merely slowly 
frittered away in its passage through matter, the results will in general be in- 
dependent of the energy of the individual particles (or quanta) and dependent 
merely on the total energy absorbed. Thus for any given fast particle we may 
get molecules in several different states of excitation, together with several dif- 
ferent ion-species. Furthermore, in a mixture of gases all substances present will 
absorb radiation to a greater or less extent, and the situation may become highly 
complex. 

Spectroscopy is, of course, the foundation on which our knowledge of the 
photochemical primary process rests. The results of mass spectrometry occupy a 
similar position in the case of radiation chemistry, and furnish a great deal of in- 
formation on the ions present, their appearance potentials, whether they are 
primary or secondary products, etc. 

It should be emphasized that essentially photochemistry and radiation chem- 
istry are in the same boat. A complete knowledge of the energy states of a mole- 
cule involves also a knowledge of the ionization potentials, and of the appearance 
potentials of ionized fragments. Both subjects need complete potential-energy 
surfaces for molecules of moderate complexity, and the indications are that these 
are not going to be forthcoming in the near future. 

In the general case a photochemical reaction may be regarded as consisting of 
three stages: (/) Absorption of light leading to the formation of an excited mole- 
cule, {2) The excited molecule by decomposition or reaction gives rise to prod- 
ucts. These may be the final products, or they may be atoms and radicals. 
is) Secondary reactions of atoms and radicals. In many cases step 2 follows step 
1 so rapidly that the result is kinetically the same as if absorption of radiation 
led directly to decomposition. 

In the case of a radiochemical reaction the primary process unquestionably 
leads both to ionization and to the formation of excited molecules. The fact that 
there are thus two distinct and simultaneous primary processes (complicates 
matters considerably. 

There has been a great diversity of opinion as to the relative importance of 
ions or excited molecules in the over-all reaction leading to the final stable prod- 
ucts. In the case of discharge reactions, Lunt (8) takes the extreme view that 
excited molecules are all important. Most workers are inclined to regard ex- 
cited molecules as only a minor oomplicaticm in all types of radiochemical 
reactions. Eyring, Hirschfelder, and Taylor (3) consider ions and excited 
molecules to be of roughly equal importance. We shall return later to a further 
consideration of excited molecules. 

SECONDARY PROCESSES — ^lONS 

There has been a great deal of discussion concerning the mechanism by which 
the ions formed in the primary step lead to the chemical reactions which follow. 
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The mobilities of ions are often smaller than might be anticipated on the basis 
of kinetic theory. This was at one time interpreted on the basis of clustering, 
neutral molecules being held to a central ion by polarization forces. However, 
it has since been shown that the effects can be explained on the basis of drag due 
to such forces, without actual clustering. 

In the meantime various attempts were made to explain chemical action on the 
basis of such clusters. The main difficulty with such mechanisms is that, like the 
old intermediate-compound theory of catalysis, tliey explain too much, and it is 
very difficult to jiut tbe cluster theory in a form from which predications can be 
made. 

In a number of (*ases clustering reactions have been postulated which involve 
only one (jlustcred molecaile, which is thus in effect a stoichiometrically distinct 
substance. Thus Brewer and Westliaver (1) propose two alternative mech- 
anisms for the synthesis of ammonia in a discharge. T]w first, which they favor, 
is 


NV + 3II2 -> 

followc^l by neutralization of the charge on N 2 H 6 '^ and its split into 2 NH 3 . This 
is a typical and distinct cluster mechanism, since a four -body (collision is impos- 
sible. As an alternative they propose the sequen(*e 

"b II2 — ^ T'S2ll2^ 

N2H2+ + c- 2 NH 

NH + II 2 -> NH 3 

These steps really involve normal bimolecular reactions of ions, i.e., the first step 
in which one molecule is clustered is indistinguishable from a normal association 
reaction. It is apparent that no hard and fast line can be drawn between mech- 
anisms involving clusters and those involving ionic reactions. 

The first clear-cut postulation of ionic reaction mechanisms for non-chain reac- 
tions was by Eyring, llirschf elder, and Taylor (4) about ten years ago. They 
pointed out that, it was possible to account for the facts in some of the best-in- 
vestigated reactions b}’' assuming that the ions underwent plausible, and to some 
extent known, reactions leading to the formation of atoms and radicals These 
atoms and radicals then entered into normal elementary reactions and behaved 
exactly as they would have in photochemical systems. 

Thus in the conversion of para-hydrogen to ortho-hydrogen under the influence 
of a-particles they have shown that the results can be satisfactorily explained on 
the assumption that the main processes occurring are: 

Ho + a — > Ha* 211 Excitation 

or 112"^ + c Ionization 
112“^ + Hi — ^ + H Ion molecule reaction 

H 3 + -b H 2 + II Neutralization 
or ->311 

H + H 2 (p) H 2 (o) + H Secondary reaction 

In a similar way thej’' have explained other reactions (4, 7). 



444 


E. W. R. STEACIE 


It seems probable that at least the majority of radiochemical reactions can be 
explained in this way. If such a viewpoint is adopted we can treat photochem- 
istry and radiation chemistry as a consistent whole. It therefore seems both 
logical and desirable to consider the facts from this point of view, at least as a 
working hypothesis. It is of course possible, and even probable, that clustering 
may prove to be a complication in certain cases. 

One reaction for which the clustering hypothesis has been most strongly held 
is the polymerization of acetylene. Approximately twenty molecules of acety- 
lene are polymerized per ion-pair. It has been suggested by Lind that, in the 
absence of obvious chain characteristics, it is unlikely that stepwise addition 
takes place, and hen(?e that the only alternative is a cluster of about twenty 
molecules of acetylene, which react on neutralization. In the first place this 
appears to strain the cluster idea rather severely. Secondly, it is now known that 
the polymerization of unsaturated hydrocarbons can be sensitized by free radi- 
cals, and hence there is nothing against a mechanism involving stepwise addition 
as a result of the action of atoms or radicals. 

It should also be pointed out that chain-transfer reactions may 0(;cur as in 
other polymerization reactions. There is thus no reason why the size of the 
polymer unit should bear any relation to the magnitude of the ion-pair yield. 

It has also been suggested ( 2 , 5 ) that since an ion is essentially a free radical, 
ions might sensitize the polymerization directly, i.e., 

Xc+ + C2H2 C2H2Xe+ 

Xe+ + C2H2 C4H4Xe+ etc. 


or 


+ Ozll2 C4H4^ 

C4H4+ + C2H2 etc. 

SECONDARY PROCESSES — ^EXCITED MOLECULES 

In radiochemical reactions in gases, as we have seen above, excitation and 
ionization occur in about equal amounts. Excited molecules may therefore be 
expected to be of considerable importance. In the case of hydrogen, such mole- 
cules will frequently dissociate into atoms, and their behavior can be adequately 
predicted, at least qualitatively. With more complex substances we may expect 
difficulties in the formulation of mechanisms. In the first place the excited 
molecules are formed in an incidental sort of way along with ions. We have no 
way of knowing the properties of such excited molecules, and neither spectros- 
copy nor mass spectrometry can be of assistance. Further, in view of the sta- 
tistical nature of our knowledge of the dissipation of energy in the gas, we have 
no way of knowing how many different states of excitation may exist, and in fact 
we have every reason to expect a considerable number. Also, although roughly 
equal amounts of energy are dissipated in ionization and excitation we have no 
way of knowing how many excited molecules are formed per ion. 

Excited molecules may therefore be expected to be a source of uncertainty in 
radiation chemistry, and the more quantitative our knowledge becomes regard- 
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ing the properties and reactions of ions, the more difficulty we may expect from 
effects due to excited molecules. 

THE CARRY-OVER OF INFORMATION FROM ONE REACTION TO ANOTHER 

In the past ten or fifteen years tremendous progress has been made in disen- 
tangling the elementary reactions involved in photochemical secondary processes, 
and in correlating this information with other fields of kinetics. We are now in 
the position where we have a great deal of reasonably accurate information about 
the rates of the more important elementary reactions. There are still large gaps 
in our knowledge, and certain questions, for example, the effect of surface, c*,an- 
not be given satisfactory answers, but much useful information is available. 

The same atoms and radicals will be involved in the reactions of radiation 
chemistry and the most intimate relationship between photochemistry and radia- 
tion chemistry will undoubtedly be in the mechanisms of the secondary processes. 

The secondary reactions of photochemistry are, of course, ordinary thermal * 
reactions of the atoms and radicals involved. In applying the results of one 
investigation to the interpretation of another it is assumed that the behavior of 
the same species will be exactly the same in both cases. The successful correlation 
of a large body of information in this way indicates that this assumption is, in 
general, justified. However, there are indications that in certain cases energy 
may be carried over from the primary step, and that the “hot’* radicals or atoms 
thus formed may react quite differently from similar atoms or radicals whose 
energy contents correspond to thermal equilibrium. 

We may consider here a few typical cases in which hot radicals have been pos- 
tulated. In the photolysis of acetone, the primary step appears to be 

ClUCOClh + hv CII3CO + CH, 

This is follo^^'ed by secondary reactions in which CH3CO either decomposes to 
CHs and CO, or dimerizes to form biacetyl. To explain the results in detail Herr 
and Noyes ( 0 ) were obliged to assume that a certain fraction of the acetyl radicals 
formed in the primary step carry over sufficient energy to enable their virtually 
instantaneous decomposition. If this is the case the properties of these acetyl 
radicals may be expected to vary with the energy available, i.e., with the wave 
length of the light used, and this appears to be confirmed by experiment. 

As a second case we may consider the formation of the propyl radical by reac- 
tions of hydrogen atoms. There are indications that propyl radicals may be 
formed from either propane or propenc by the reactions ( 11 ) 

H + (W 8 -^(J 3 H 7 + H 2 (1) 

and 

H + CsHe C 3 H 7 (2) 

Reaction 1 is practically thermoneutral; hence the possibility of C3H7 being 
formed with much excess energy does not exist. Reaction 2 is strongly exother- 
mic, and the propyl radical at the moment of its formation will contain the entire 
heat of reaction. 



446 


B. W. R. STEACIE 


The most likely reaction of the propyl radical, if left to itself, is 

C3H7 C2H4 + CHs ( 3 ) 

The activation energy of this reaction is not definitely known, but it has been 
estimated to be between 25 and 40 kg.-cal. Hence propyl formed from reaction 1 
may be expected to be stable at room temperature. The excess energy carried 
by propyl in reaction 2, however, is sufficient to enable reaction 3 to occur, and 
we may therefore expect propyl radicals to decompose to an appreciable extent 
at room temperature. These conclusions appear to be substantiated by the 
experimental results of Rabinowitcli, Davis, and Winkler (10). 

Ogg and Williams (9) have recently suggested that ‘"fast” hydrogen atoms may 
react differently from ^^thermaP^ ones in the photolysis of hydrogen iodide. In 
view of the fact that such fast atoms are known to be formed in ionic reactions, 
the result is especially significant. 

In radiation chemistry higher energies are involved, both in ionization and in 
molecular excitation It may therefore be anticipated that the carry-over of 
energy into the secondary reactions may be both more frequent and more impor- 
tant. This may be troublesome in the correlation of the results with those of 
photochemistry. 


THERMOCHEMICAL DATA 

In building up photochemical mechanisms, data on bond strengths are of great 
importance in order to decide what reactions are possible. This has been a diffi- 
cult question, and at one time bond strengths were certainly the scandal of photo- 
chemistry. To-day the position is greatly improved, and we may feel that we 
know the bond strengths in at least simple hydrocarbons and alkyl radicals with 
some certainty. We are thus beginning to get the thermochemistry of elemen- 
tary reactions on firm ground. 

In radiation chemistry modern mass spectrometry is building up reliable data 
on ionization and appearance potentials, and the thermochemistry of ionic reac- 
tions has advanced enormously in recent years. We are still, however, highly 
deficient in our knowledge of the states of excitation of complex molecules. 
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To understand the chemical reactions produced by radioactivity and other 
ionizing agents, it is necessary to consider in great detail all of the fundamental 
processes involved: 

1. The primary and secondary ionizations. 

2. The excitation without ionization. 

3. I'he electron attachments and negative-ion formation. 

4. The simple reactions ])et\vecn ions and neutral molecules. 

5. The formation of cliLsters, if any. 

G. The neutralization of the ions to form atoms and free radicals. 

7. The subsequent fate of the free radicals and ions. 

If the ionization occurs in the liquid or solid phase, additional complications 
arise due t o steric trapping of the various ions and intermediate products. .\lso, 
the ionization potentials for the molecules in cither the liquid or the solid phase 
are entirely different from those in the gas. Let us consider just the reactions in 
the gas phase. 

The following presentation is largely a ramification of some work which was 
carried out ten years ago by Hugh S. Taylor, Henry Eyring, and the author (7, 8, 

10 ), 


I. riilMAKY PROCESSES 


We must first considei' the following facts: 

(jf) An alpha particle ionizes everything within 1 A. of its path. This can be 
seen from the following calculation: 

About 25,000 ion-pairs per centimeter of path are produced by of-particles in 


air. 

22,414 

(T = 47rr2 = 25,000 X J 


10“^^ cm.“ = cross-section for ionization 


r 10 cm. = radius of ionization 


{£) Approximately four-fifths of the total ionization is produced by secondary 
electrons (2, 12, 13). 

(S) Approximately as many molecules are dissociated by excitation without 
ionization as by ionization. The reasons for this are as follows: (a) Only one- 
half of the energy given up by an alpha particle, 33 e.v. per ion-pair, can be 
accounted for by the ions it produces. The rest of the energy must go into ex- 
citation without ionization, (h) Bethe (1) and Blackett (3) showed that, when 
a-particles pass through hydrogen, there is a 50 per cent greater probability for 

^ Presented at the Syiuposium on Radiation (Miemistry and Photochemistry which was 
lu'ld at the I^niversity of Notn* Dame, Notre Dame, Indiana, June 24-27, 1047. 
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excitation of the molecule than for ionization, (c) Smith and Essex ( 13 ) have 
actually separated the chemical reactions due to excitation from those due to 
ionization. They placed the material to be studied, in their case ammonia, be- 
tween the plates of an electrostatic condenser. They passed alpha particles 
through the material and measured the number of molecules reacting per ion-pair 
as a function of the voltage applied across the condenser. By increasing the 
potential across the condenser beyond a saturation point, they sucked off all of 
the ions formed. The remaining chemical reactions were then due either to 
excitation without ionization or to ionic reactions of the type 

H2 + H+ H + 

which yield free radicals or atoms without neutralization. In any case, they 
succeeded in making an experimental separation of the reaction number per ion- 
pair with and without the electrostatic field. 

Thus a-, 0-y and 7-rays all have the same chemical action, because they all 
produce secondary ionization which produces the main body of ion-pairs. 

There can be little specificity of the chemical actions of various types of radia- 
tion. These effects should be measurable in terms of roentgens of dosage re- 
ceived. In a very few cases the duration as well as the accumulated dosage of the 
exposure is important, and these cases must be examined separately. This lack 
of reciprocity (here, reciprocity is used in the same sense as in the exposure of 
photographic plates) must depend on the density of ion-pairs and interactions of 
intermediate products. It would be difficult to understand such behavior in the 
gas phase. Studies of lack of reciprocity should be of great interest, as they 
would help to reveal the mechanism of the reactions. 

II. MASS-SPECTROGRAPHIC STUDY OF THE PRIMARY PROCESSES 

A mass spectrograph is an excellent instrument for study of the primary proc- 
esses. There are a number of different types of information which can be ob- 
tained by using the mass spectrograph in different ways. 

A. Primary formation of 'positive iom 

First, study pure gases (rather than mixtures) at very low pressures and meas- 
ure the relative abundance of both the positive and the negative ions at poten- 
tials of 1000 e.v. or more. This relative abundance of the ions is the same as if 
these ions were formed by any high-voltage ionizing source, such as the, secondary 
radiation from a-, /?-, or 7-rays. For most gases this information is available in 
the literature, although often no attempt has been made by the experimenter to 
study the negative ions. 

B, Reactions between ions and neutral niohcules 

Ions can easily react with neutral molecules: 

H2 + H+ H?- + H 

Such reactions can be investigated in the older types of mass spectrographs which 
operate at relatively high pressures. They can be studied by varying the gas 
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pressure and the gas composition (of a mixture). The tendency to form clusters 
can also be studied in this manner. This type of information is very useful, but 
experimenters with the mass spectrograph have regarded the secondary reactions 
as a nuisance, and instead of studying them, have tried to eliminate them. For 
such information one searches through the mass-spectrographic literature of the 
late 1920^s. 


C. Negative-ion formation and electron attachment 

Much additional experimental work needs to be done on negative ions. They 
have not been studied with the care which they deserve. Some molecules will 
pick up an electron to form a negative ion; other molecules will not be able to 
pick up an electron unless the electron has enough kinetic energy first to dis- 
sociate the molecule into fragments which have electron affinity. Bradburj^ 
(4, 6, 6, 11) found that ^2 diatomic molecules do not form negative ions. An 
example of a ^2 molecule trying unsuccessfully to attach an electron is shown in a 
potential-energy diagi'am which I computed quantum mechanically (figure 1). 



Y-h.h 

Fig. 1. A pot out ial -energy diagram for hydrogen 


Here, it is apparent that the is metastable with respect to 112 + ^ and would 
have a very short lifetime. Glockler (9) has studied the electron attachment of 
more complicated molecules. Both water and oxygen will readily attach elec- 
trons and even small traces of water vapor or oxygen ^vill suffice to remove all of 
the slow' electrons from a gas. 

HI. THE NEUTRALIZATION OF THE IONS 

Now' at last we are in a position to consider the over-all reaction. From the 
mass-spectrogi'aphic studies w e can estimate the numbers of each of the various 
species of ions W'hich are produced per ion-pair in the gas mixture. When a posi- 
tive and a negative ion react, they release an energy of the order of 10 e.v., or 230 
kg.-cal. per mole. Because of resonance considerations, the resulting products 
tend to split up into free radicals and atoms in such a w-ay as t o use up as much of 
this energy as possible. I do not know' of any direct experimental studies of 
neutralization reactions. As a result, w'e must guess wliat processes take plar?e 
and w'e have only the basic quantum-mechanical principles to guide us. How- 
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ever, the limited amount of energy available restricts the number of chemical 
bonds which can be broken to three or four. Usually the over-all reaction rate is 
not affected critically by the exact mechanism of the neutralization reaction. 

IV. SUBSEQUENT FATE OF THE FREE RADICALS 

We are now left with a mess of free radicals and atoms produced in any one of 
three ways: 

1 . Products of dissociation of the molecule without ionization. 

2. Free radicals formed by reactions between ion and neutral molecule. 

3. Products of neutralization reactions. 

The subsequent fate of the free radicals and ions is the same as we would expect 
from a study of photochemical reactions in which these same free radicals are 
produced in knovm munbers in the reaction mixture. At this point the ioniza- 
tion reactions become equivalent to photochemical reactions. 

V. EXAMPLES (see REFERENCES 7, 8, 10) 

1. Ortho-para hydrogen conversion. 

2. Synthesis of hydrogen bromide. 

3. Oxidation of carbon monoxide. 

VI. SUMMARY 

Chemical reactions produced by ionizing radiation can be studied and under- 
stood in terms of a sequence of steps. The procedure is quite general in its scope 
and applicability. 


REFERENCES 

(1) Bethe, H. a.; Ann. Physik 6, 325 (1930). 

(2) Bethe, H. a.: Ann. Physik 6 , 400 (1930). 

(3) Blackett, P. M. S.: Proc. Roy. Soc. (London) A135, 132 (1932). 

(4) Bloch, F,, and Bradbury, N. E.: Phys. Rev. 48, 689 (1935). 

(5) Bradbury, N. E.: Phys. Rev. 44, 883 (1933); J. Chcin. Phys. 2, 827, 840 (1934;. 

(6) Bradbury, N. E., and Tatel, H. E.: J. Chem. Phys. 2, 835 (1934). 

(7) Eyring, H., Hirschfelder, J. 0., and Taylor, H. S.: J. Chem. Phys. 4, 479 (1936). 

(8) Eyring, H., Hirscudelder, J. O., and Taylor, H. S.: J. Chem. Phys. 4, 570 (1936). 

(9) Glockler, G., and Lind, S. C.: The Electrochemistry of Gases and Other Dielectrics^ 

Chap. VI. John Wiley and Sons, Inc., New York (1939). 

(10) Hirschfelder, J. 0., and Taylor, H. S.: J. Chem. Phys, 6, 783 (1938). 

(11) Loeb, L. B.: Phys. Rev. 48, 684 (1935). 

(12) Rutherford, E., Chadwick, J., and Ellis, C. D.: Radiations from Radioactive Sub- 

stancesy p. 145. Cambridge University Press, London (1930). 

(13) Smith, C., and Essex, H.: J. Chem. Phys. 6, 188 (1938). 



CONTBOIiLED-ELECTRON REACTIONS 


451 


CONTROLLED-ELECTRON RliACTIONRi 

GKORGE GLOCKLER 

Department of Chemistry and Chemical Engineering, State University of Iowa, Iowa City, Iowa 

Received October 23, 19^7 

Activation of chemical reactions can be brought about by a variety of external 
agents such as catalysts, increase in temperature of the reacting system, and the 
presence of various types of radiation. Radiation whic^h can initiate reaction in 
a chemically quiescent system is of two kinds: (i) light of varying frequency, 
such as visible or ultraviolet light , x-rays, and gamma rays on the one hand; and 
{ 2 ) particle rays, such as alpha and l^eta particles, atoms and radicals, recoil 
atoms and ions on the other. The ultimate agent which causes chemical reac- 
tion to ensue is in many cases the electron. This particle, if given sufficient 
speed, can force another electron of a neutral molecule to a higher orbit or even 
remove it, i.e., ionize the molecule. It can produce dissociation accompanying 
these actions and hence (‘reate a new energj^-rich species in a system whicjh then 
can undergo further chemical change. 

If an alpha ray or an x-ray passes througli a gas there are produced excited 
molecules, ions, and (dectrons. These secondary electrons will have varying 
speed, and they in turn will produce energy-rich molecules, atoms, radicals, and 
ions. In any form of electrical discharge similar action will take place, electrons 
having ])een produ(‘ed in the electric discharge. In these electrical devices 
electrons of varying speed are created and the whole reaction picture is one of 
great complexity. 

To arrive at an underst anding of the reaction mechanism where high-energy 
particiles are the initiators of the reaction sequence, it is of great interest to know 
just what minimum of energy or speed an electron must possess in order to pro- 
duce a certain kind of activation. Hence it is of interest to study chemical reac- 
tions in simple systems and determine the minimum energy of electrons starting 
the reaction. Furthermore, it is also important to fmd out how the reaction 
varies in amount as the initiating electrons gain greater speed. It would be ex- 
pected that a molecule would be brought into a reactive state only when the im- 
pacting electron has reached sufficient speed to lift the molecule from its ground 
state to some higher energy level in accordance with its energy-level diagram, as 
obtained, for example, from the spectroscopy of the molecule. Were it true that 
ions of the molecules were the only activating centers for chemical reaction, then 
it might be expected that reaction should begin only at the ionization potential 
of the molecule, for the impinging electron would have to have kinetic energy 
equal to the ionization potential of the molecule before ions could be prcxluced in 
the system. If ions w'ere the only reactive agents, then resonated states or ex- 
cited levels of the molecule would not serve as reaction initiators. This proposal 
is obviously not true, because it is well known that photochemical action is pos- 

^ Presented at the Symposium on liadiation Chemistry and Photochemistry which ^^a8 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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sible in many cases where the absorbed quantum of light does not have sufficient 
energy to ionize the molecule. Hence lower energy levels than ionization can 
lead to reactive states, and it may be expected that electrons with energy less than 
the ionization potential of the molecule can produce active centers in a reaction 
system. 

The study of chemical reactions started with electrons of known speed or “con- 
trolled electrons’^ will give information concerning the resonance states of mole- 
cules which can start these changes. It will be seen that the simple reactions 
studied so far can be completely understood on the basis of the energy states of 
the molecules as given by quantum theory and band spectroscopy. 

The simplest way of obtaining electron streams of known speed is to use the 
electrons from a hot filament, as in a radio tube, and to accelerate them by means 
of an electric field obtained from a battery. In this way electrons of any speed 
may be produced. The potential of the battery is applied between a filament and 
a grid. This region is made of small dimension (less than 1 mm.) so that very 
few' collisions happen betw^een filament and grid or before the electrons have ob- 
tained their full speed corresponding to the battery potential. Some electrons 
will not be caught by the grid wires but will pass through the meshes of the grid 
into the region betw'een the grid and plate. Here they will make impacts with 
gas molecules, having attained full speed. The region between grid and plate is 
usually field-free and the electron speed is therefore not further altered. When- 
ever the potential of the battery is changed and reaches such a value that, the 
electrons attain a critical potential of the molecules under investigation, the lat- 
ter can be placed into an excited or higher energy level. Depending on the reac- 
tion system, arrangements can be made to show that chemical reaction has taken 
place. The most convenient method Is usually to follow pressure changes of the 
reaction system. 

In this manner the following reactions have been studied (4) : 

1. The dissociation of hydrogen into atoms. 

2. The dissociation of hydrogen into atoms in the presence of mercury. 

3. The dissociation of oxygen. 

4. The dissociation of nitrogen. 

6. The synthesis of ammonia. 

6. The reaction betw een nitrogen and oxygen. 

7. The decomposition of sodium azide. 

8. The reaction betw'een carbon monoxide and hydrogen. 

9. The decomposition of sulfur dioxide. 

The simplest type of chemical reaction that has been studied with electrons 
of controlled speed is the dissociation of diatomic molecules as, for example, the 
dissociation of hydrogen molecules into two atoms (3). It might be expected 
that electrons with 4.34 e.v. of energy could dissociate hydrogen molecules, be- 
cause this amount of energy is equivalent to the heat of dissociation. However, 
electrons of this speed cannot transfer this amount of energy to the hydrogen 
molecule, since there exists no electronic energy level in the molecule of this 
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amount of energy. At least the probability of such energy transfer is extremely 
low and this action has not yet been observed. It was found experimentally 
that electrons with about 11.0 e.v. can transfer their energy to hydrogen mole- 
cules and place them into the antisymmetric (®S^) state: 

E ' (11.0 e.v.) + II 2 (i2j) E^ (slow) + (^zt) 

But the hydrogen molecules in the antisymmetric state will dissociate into two 
atoms with kinetic energy: 

H 2 (^2t) 2H (^aS"i; kinetic energy) 

The resulting atoms w^ere detected by their reaction ^nth a copper oxide surface 
(kept at room temperature) : 

21 1 + Cut) Cu + H 2 O 

The resulting water \'apor was frozen out in a liquid-air trap and later identified 
by its vapor pressure. 

In the same reaction vessel a critical potential of hydrogen was found by the 
Franck Hertz method (2) at 11.4 e.v. Hence the demonstration is complete in 
this ease that electrons must bring hydrogen molecules into a quantum-mechan- 
ical energ>" level before they will rea(^t chemically. It is then supposed that simi- 
lar actions will take place in hydrogen gas, whether electrons are produced by 
alpha particles, x-rays, or any other energetic radiation. To this extent then do 
these experiments with slow electrons also indicate the possible reaction mecha- 
nism in electric discharges. Electrons of greater speed than ILO e.v. will carry on 
this process with varying probability, and of course other quantum jumps will 
become possible as the electrons are given energies greater than 11.0 e.v. 

A variation of the experiment (7) on hydrogen dissociation just described in- 
volved the admixture of mercury vapor with hydrogen gtis. It may then be 
expected that mercury atoms can be brought into the resonated state (6 ®Pi) and 
that they may then transfer their energy (4.9 e.v.) to the hydrogen molecules by 
an impact of the second kind, causing their dissociation for which the excitation 
energy of the mercury atoms is sufficient (4.9 e.v. compared with 4.34 e.v.). 
However, the iirst disappearance of hydrogen molecules was noted when the 
impinging electrons had about 7.7 e.v. of energy, a ciuantity which is sufficient to 
transfer a^ercury atom to the 7 ^Si state: 

E- (7.7 e.v.) + Hg (6 'So) Hg (7 *Si) + iT (0 e.v.) 

It is likely that the excited mercury atoms drop to the metastablc 0 ^Po.s states 
with emission of radiat ion : 

(7 VS!i) H'i (6 ’n.j) + (otOl or 4047 1.) 

The metiistable P states have a much longer life and hence much greater oppor- 
tunity to collide with hydrogen molecules. Furthermore, this energy is much 
mearer to the heat of dissociation of hydrogen molecules, enhancing the possi- 
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bility of energy transfer, since it is known that impacts of the second kind are 
more likely if the energy to be dissipated as kinetic energy is a minimum: 

Hg (6 ®Po. 2 ) + H 2 (^Sj) 2H (atoms) + Hg (6 ^So) 

The hydrogen atoms so produced can then react with the copper oxide surface 
present in the experimental tube. The observed pressure decrease results from 
the freezing out of the water formed: 

2H (atoms) + CuO (solid) — > H 2 O (liquid) + Cu (solid) 

The mercury-sensitized reaction did not occur at 4.9 e.v. as expected, but at 
7.7 e.v. This fact noiay be connected with the relative resonance probability of 
mercury atoms. 

Nitrogen molecules are dissociated by electrons of 17.8 volts of energy (12). 
Again it is seen that electrons cannot transfer the dissociation energy (about 7 or 
9 e.v.) to nitrogen molecules with sufficient frequency to be detected in the experi- 
mental set-up used at the time. At the higher voltage mole-ions may be pro- 
duced, since the ionization potential of nitrogen molecules is 15.7 e.v. These 
mole-ions may be the species which is frozen out or adsorbed on the walls of the 
reaction vessel: 

£r (17.8 e.v.) + N 2 (^Sj) ^ Nj (^Sj) + £- (0 e.v.) 

The energy of 17.7 e.v. is not high enough to produce nitrogen atoms and atomic 
ions (11). However, the act of neutralization of the mole-ion (Nt) on the plate 
of the experimental tube may furnish the energy of dissociation. 

In the case of oxygen gas it was found that 8.0-volt electrons can cause effec- 
tive impacts which make oxygen molecules adsorbable on glass and mercury 
surfaces (8, 9), 

JS?- (8.2 e.v.) + O 2 (^S;*) O (®P) + 0 QD) + ZT (0 e.v.) 

but some slight reaction is also noted even with electrons of lesser energy (3-5 
e.v.), 

E- (1.62 e.v.) + O 2 m O 2 CS^) + E- (0 e.v.) 
or 

E- (5.1 e.v.) + O 2 m 20 (®P) + E- (0 e.v.) 

Ozone does not seem to form until the impinging electrons have 25-28 e.v. of 
energy (9, 17). No particular change in pressure drop is noted at the ionization 
potential of the oxygen molecule (12.5 e.v.). 

Ammonia can be synthesized from a hydrogen-nitrogen gas mixture. The 
product is formed more readily at 17 e.v. after the ionization potential of the 
nitrogen molecule (15.7 e.v.) has been reached. The gas mixtures richer in 
nitrogen give greater yields, indicating that perhaps nitrogen mole-ions are in- 
volved in the reaction mechanism (4). 

Nitrogen and oxygen react after impact with 19.0-volt electrons with a further 
increase in reaction rate at 23 e.v. (10, 16). The product is nitrogen dioxide. 
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Thin films of sodium azide deposited on a plate will decompose when 
bombarded with electrons of kno^vn speed. The first reaction happens at 11.65 
e.v. and further reaction rate changes are noticeable at higher impact potentials 
of electrons (14). 

Carbon monoxide is decomposed by controlled-electron impact at 14 and 19 e.v. 
(1). It will react with hydrogen at 14.0, 20.0, and 27.0 e.v. The chief reaction 
product is formaldehyde. The ionization potential of the carbon monoxide mole- 
cule is 14.0 e.v. Excited molecular ions appear at 16.52 and 19.63 e.v. Hence 
the experiments carried out to the present would indicate an ion mechanism. 
However, the experimental arrangements may not have been sensitive enough to 
detect react ion at lower volt ages, where either excited neutral states or dissocia- 
tion alone may be the responsible reaction mechanism. 

Sulfur dioxide is decomposed at 12.2 and 15.7 e.v. by electron impact. In the 
first case mole-ions (SO 2 ) and at the higher voltage SO"^ ions and oxygen atoms 
are produced (15). 

One feature of the usual experimental tube used in investigations of reactions 
activated by controlled electrons is the ])rescnce of the hot filament. It can 
cause reaction by its high temperature, independent of the emitted electrons. 
In favora])le cases such “zero-volt-rates” may be small and can be readily cor- 
rected for. In the case of h 3 ''drocarboas, pyrolysis on the filament would be 
serious. In such erases the filament can be placed in another compartment and 
the electrons can ])e allo^^'ed to enter the reaction chamber proper through a small 
orifice. Appropriate pumping can be used to remove the thermal decomposition 
products due to the filament. Acetylene was shown to polymerize (6) in such an 
apparatus by using 40-volt electrons. 

A study on the synthesis of ammonia (5) initiated by alkali ions is of interest to 
the present discussion of controlled-electron reactions. In this case ions of 
lithium, sodium, and potassium were shot into mixtures of nitrogen and hydrogen 
of varying proportions. It was found that ammonia was formed onl^" after 
these alkali ions had passed through an accelerating field of sufficient magnitude 
that the respective positive ions could ionize nitrogen molecules. The latter were 
considered the important agent in the mechanism, because mixtures rich in nitro- 
gen gave better yields. It is seen that positive ions of low velocity do not cause 
ammonia formation. On the cluster theory (13) reaction might be expected in- 
dependent of ion velocity. 


SUMMARY 

This review of reactions activated by electrons of controlled speed seems to 
show that the initial acts of the i-eaction sequence are to be interpreted on the 
basis of the quantum states of the interacting molecules, as given by their energy- 
level diagram. Only very few reactions have been studied. The greatest need 
is the development of more sensitive detecting agents, so that reaction on-set 
can be discovered even in cases where the probability of energy transfer is very 
low and where the means used in the past have not been delicate enough to show 
the beginning of reaction. 
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INTRODUCTION 

When a molecule is struck by an electron having an energy of 10-20 electron 
volts or higher, it may simply lose an electron or, in addition, split into various 
fragments. This fragmentation is a reproducible phenomenon which is a 
fundamental characteristic of the particular type of molecule being studied — the 
relative probability of the formation of a fragment having a particular mass being 
dependent on the temperature of the molecules and the energy of the electrons. 
The mass spectrometer is the most powerful tool available for the study of some 
of the primary processes which are of basic interest to those attempting to attain 
a more complete understanding of the more complicated reactions in the general 
field of radiation chemistry. In this connection, information is required on the 
appearance potentials of the various fragments as well as their relative 
abundance. 

^ Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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From the early days of mass spectroscopy, soon after the turn of the century, 
processes of ionization and dissociation have been studied by this means. Sev- 
eral reviews of this work have been written (3, 10, 14), but there is none currently 
up to date. The present discussion will be concerned only with two aspects of 
this general field which have been of recent interest. The first of these deals with 
metastable ions, — molecular ions which dissociate spontaneously into smaller 
fragments with a characteristic decay constant; the second aspect, ions formed 
with initial kinetic energy, is included because the elTect- on the mass spectrum 
(with the conventional instrument) shows some similarity to that observed with 
the metastable ions, and similar experimental techniques are applicable in both 
cases. 


META STABLE IONS 

During the war the urgency of obtaining rapid analyses of hydroc^arbon mix- 
tures led to the development of the mass spectrometer for this purpose. As a 
result of this, the spectra of a large number of hydrocarbons were obtained by aut o- 
matic recording. Almost invariably on these records there', appeared rather 
diffuse peaks at positions Avhich usually did not correspond to integi’al mass num- 
bers. It is true that peaks of this nature had been noticed previously, but they 
had been glibly interpreted as ions of high kinetic', energy. However, as data were 
obtained on a large number of hydrocarbons it became evident that this inter- 
pretation was not tunable and some other explanation would be necessary. If 
the ions should dissociate into two or more fragments after leaving the ion gun 
but before proceeding far in the magnetic analyzer, it \\'as known that peaks of 
this type could occur. For instance, Smyth (13) reported that in the case of 
hydrogen the molecular ion would dissociate during transit to give an apparent 
mass (m*) of 1 /2. Thus, 

Ht H+ + H 

The atomic ion shares the energy acquired in the ion gun with the neutral frag- 
ment, giving rise to a peak having an apparent mass of 1/2, since the analyzer 
consisting simply of a magnetic field alone sorts out ions according to their 
momentum rather than their mass. The relationship between the apparent 
mass (m*), the mass (vio) of the parent ion before dissociation, and the mass (m) 
of the fragment ion is given hy the expression: 



mo 

It was found that this reaction could be detected only at high pressures and was 
therefore ^‘triggered” by collision with neutral hydrogen molecules in the analy- 
zer. Hence this must be classed as a secondary process. Hogness and Lunn 
(9) reported a similar effect in nitric oxide: 

NO-^ N-^- -b O 

NO+ N -f 0+ 

These they showed to be dissociations induced by collision. 
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In the precision mass spectrographs in which there is a considerable distance 
of free flight between the region of electrostatic deflection and the magnetic 
analyzer, the diffuse peaks due to dissociation in transit may become very pro- 
nounced but the center of gravity of the peak agrees with the predicted value to 
a hi^ degree of accuracy (1). Mattauch and lichtblau (12) found their appara- 
tus particularly suitable for studies of dissociation during transit and identified 
twenty-eiglit different reactions of this type. 

In all this earlier work it appeared that the dissociations were induced by colli- 
sion, since they were relatively greatly enhanced as the pressure in the instrument 
was increased. This is in contrast to the diffuse peaks in the spectra of hydro- 
carbons studied in mass spectrometers of recent design. Here the diffuse peaks 
vary linearly with the pressure, indicating that they must be primary rather than 
secondar}^ processes. As soon as it was shown that the reaction was of a primary 
nature, it was logical to conclude that the dissociation was truly spontaneous, 
i.e., the ions formed by ele(;tron impact had an appreciable lifetim(^ of the order 
of the transit time through the instrument. Consider, for instance, the diffuse 
peak at m* = 31.9 observed in n-butane. If it Is assumed that this is due to the 
spontaneous loss of a CII3 radical from the parent ion C4H10, it is found that all 
the experimental facts can be explained. In this case the following transition 
occurs: 

C4H|o -> CsH?- + tCHa] 

The parent mass is here 58 and the product 43. However, if the dissociation 
occurs after the ion emerges from the ion gun, the propyl ion will have 43/58 of 
the original energy and will apparently have the mass 43/58 X 43, or 31 .9. This 
accounts for its position on the mass scale. Figure 1 shows a drawing of the 
electrode arrangement in the ion gun. Between plates 1 and 2 a small potential 
accelerates the ions formed by the electron impact through the slit in plate 2. 
The main accelerating potential is then applied between plates 2 and 3, and we are 
discussing the case of ions which dissociate after passing through plate 3, but 
before proceeding far into the analyzer region. Let us consider that the ion has 
acquired a kinetic energy of 1000 e.v. and then dissociates at the entrance to the 
analyzer. For the aforementioned reaction, this means that the propyl ion, in- 
stead of having a kinetic energy of 1000 e.v., will have 43/58 X 1000, or approxi- 
mately 740 V. If the analyzer is so adjusted that mass 31.9 is focussed on the 
exit slit (not shown in figure 1) and the kinetic energy of the ions is then measured, 
they should have the kinetic energy just predicted. This prediction has been 
confirmed in this manner for this reaction as well as others (8). 

There remains the possibility that the reaction is induced by some agency 
which does not vary with the pressure (such as the edge of the slit in plate 3). 
Such conjectures seemed like remote possibilities, but this question can be com- 
pletely settled by studying the relative peak heights as a function of the transit 
time. Let us refer once more to figure 1. If the transition is truly metastable, 
the number of metastable ions will decay exponentially with time. Those which 
dissociate between plates 2 and 3 will appear on the mass scale between m and m*, 
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and those which dissociate in the weak field existing between the region of the 
electron beam and plate 2 will appear essentially as mass m (mass 43 in our ex- 
ample). A large number will dissociate before reaching plate 2 because of their 
relatively slow motion in this region. Now if the voltage difference between 
plates 1 and 2 is increased, less time will be spent in reaching the slit in plate 2 
and in turn the ions will pass througii plate 3 earlier in their lifetime. Conse- 
quently, the diffuse peaks should increase relative to the rest of the spectrum. 
By studying the peak heights in relationsliip to Ei, E 2 , and the geometry of the 
ion source, the actual decay curve may be reconstructed (7). The result of this 
study for metastable CJIio is illustrated in figure 2. A reasonably good straight 
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Fi(i. 1. PJssential components of an ion gun to illustrate the method of studying meta- 
stable ions. 


line is obtained in this semi-log plot. The half-life in this case is approximately 
2. X sec. The voltages indicated refer to various values of Ti — T^o. 

From figure 2 it is possible to determine the relative number of ioas initially in 
the state responsible for this metastable transition. This is found to be approxi- 
mately 5 per cent of the number of C 4 H 10 ions which traverse the mass spectro- 
meter and reach the ion collector wthout dissociating. 

Unfortunately, this method is limited to the study of states having a half-life 
of the order of microseconds. It seems reasonable to expect that there are many 
metastable states outside our narrow range of observation. If the half-life is 
either longer or shorter than this observable range, the peaks would have the 
normal sharp appearance and would appear at integral mass numbers (excluding 
in all this discussion thus far multiply charged peaks). 
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Attempts have been made to detect an activation energy for the metastable 
transitions. Within the accuracy of the measurements (0.2 v.) the diffuse peak 
at 31.9 has the same appearance potential as the ionization potential of the parent 
ion. In the case of several hydrocarbons, preliminary results indicate some dif- 
ference in this energy. 

It had been thouglit tliat there was previously no evidence for purely spon- 
taneous dissociation as distinct from that induced by collision. In a private 
communication, Professor B. Rosen has pointed out that he felt that there was 
some evidence for metastable transitions in CO"'"'" (5) . The reaction is 

CO"^+ C+ -f O"^ 



TIME (lOf^ SECONDS) — ► 

CORRECTED lON-DRAW-OUT VOLTAGE INDICATED 

2. Deerpasf with time of the number of ions in tiio metastablo state re8pon8il)le for 
the diffuse peak at the apparent mass 31.9 in the mass spectrum of T»-butane. 

giving peaks at 10.3 and 18.3. Briefly, the argument that this is a metastable 
transition is this; The ions at 10.3 and 18.3 have a much lower appearance poten- 
tial than that of 00"'"+. It is suggested that the electronic state from which they 
are formed has a maximum in the potential energy curve and that the decay takes 
place by leakage through this potential barrier. The parent ion CO''^" is absent 
at the lower energies, because it decays too rapidly to be detected as mass 14. 
This experiment was performed without many of the important developments in 
experimental technique which are available to us today and there is one experi- 
mental fact that apparently is unexplained. In the spectrum published in this 
work, the peak at 18.3 is more than ten times larger than that at 10.3, whereas the 
above explanation would demand that they be of equal height. Apparently no 
data were obtained on the effect of pressure and transit time. 
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An attempt was made to study this interesting reaction with the advantage of 
the availability of improved equipment developed during the intervening fifteen 
years. It was planned that a study of these peaks would be made as the pressure 
and transit time was varied and this would be followed by a measure of the ap- 
pearance potentials. Unfortunately, this program had to be abandoned because 
the peaks at 18.3 and 10.3 could not be detected, although the instruments used 
should have been sufficiently sensitive for this purpose. The search was made 
on the 90"^ instrument at the Westinghousc Research Laboratory by Dr. R. E. 
Fox and on the (Consolidated mass spectrometer at the Buieau of Standards by 
Mr. V. H. Dibeler. It will probably be desirable to make a more careful search 
at even liigher sensitivity when this is possible. 

IONS FORMED WUTH KINETIC ENERGY 

llie technique of measuring the energy of the ions at the exit slit of the mass 
spectrometer by applying a stopping potential, which was used in studying meta- 
stable transitions, suggests its application to the determination of the kinetic 
energy of the fragment ions in dissociation by electron impact. The kinetic 
energj’' of the dissociated ions has been studied in the past with the mass spectrom- 
eter and similar equipment, jiarticularly by Tate and his students (2, 6, 11). 
However, these methods were applicable primarily to diatomic molecules. The 
use of the stopping potential or energy analyzer at the exit end of the mass spec- 
trometer presents some desirable features in the study of more complicated 
molecules. 

If the stopping potential between the exit slit and the ion collector is carefully 
adjusted so that ions formed initially with thermal energj’' (such as CMIit in 
butane) only are unable to reach the collector, these ions will foim a so-called in- 
verted spectrum ; they will be accelerated back against the exit slit, knocking out 
secondary electrons which are in turn accelerated to the ion collector giving rise 
to a negative current. Under these conditions, the peaks at mass 58 and 43 in 
n-butane arc inverted, whereas the peaks at lower mass are not. Evidently" 
these are formed with considerable initial kinetic energy. As the stopping poten- 
tial is increased, more and more of the peaks become inverted as their initial 
kinetic energy is no longer sufficient to surmount the increased stopping poten- 
tial. It has been found that all of the lower-mass ions in 7i-butane have appre- 
ciable kinetic energy (several electron volts). This throw's some uncertainty on 
the correlation of such appearance-potential measurements wdth thermochemical 
data — a simultaneous measurement of the kinetic energj' as has been performed 
with diatomic molecules should be a distinct advance. Measurements made in 
this manner w^ould tend to eliminate the possibility of discrepancy in the inter- 
pretation of the data obtained w ith the mass spectrometer, such as that pointed 
out by Douglas and Herzberg (4). 

A major difficulty in the study of ions of high kinetic energy with the mass 
spectrometer is the large number w'hich are lost before reaching the ion collector. 
This is not only bothersome in the measurement of appearance potentials but is 
also one cause of the variation in mass spectra as obtained on different instru- 
ments or on the same instrument at different times. Washburn and Berry (15) 
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in an interesting note have pointed out that a large number of ions are lost be- 
cause there is no focussing in the direction of the magnetic field. As the 
accelerating voltage is increased, less will be lost because there will be less time 
for them to drift beyond the slit. Peaks corresponding to ions having a large 
initial energy will increase rapidly with accelerating voltage. By studying this 
rate of increase, Washburn and Berry made deductions about the initial energies 
of the ions. 


SUMMAKY 

The dissociation of moleculai- ions during transit through mass spectrometers 
is discussed. The early work in this field is briefly reviewed and interpreted in 
relation to recent experiments. It is shown that the same experimental tech- 
nique should be valuable in the stud}^ of ions formed with appreciable kinetic 
energy''. An experiment of this nature is described. 
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This paper attempts, in very summarized form,- to describe the salient fea- 
tures of an apparatus consisting of a closely coupled reactor and mass spectrom- 
eter suitable for the identification of certain intermediates occurring in thermal 
cracking and flame reactions. Only a few representative examples of the results 
obtained are briefly discussed. It should be emphasized that the object of the 
research was to investigate the application of the method to a wide range of 
problems rather than to the detailed study of ji particular problem. Many of 
the results t.herefore are of a semiquantitative or even qualitative ciiaracter. 

THE PRINCIPLE OF THE METHOD 

If a free radical R exists in a gas it will have an ionization potential which 
will be less than the appearance potential Ar required to form the same ion R"'" 
by electron bombardment of the parent molecule. The difference in energy 
Ar — /r will be the sum of the energies required for dissociating, exciting, and 
giving kinetic energy to the two fragments into which the parent molecule is split 
by bombardment. Provided therefore electron-impact energies E lying between 
the limits Ar > E > In are used, any ion current of mass corresponding to R 
may be attributed to a chemical process and not an electron-dissociation pro(^ess, 
provided of course there are no other end products or intermediates furnishing 
R+ by electron impacts of energy less than E. 

Table 1 will serve as an illustration in the case of the thermal decomposition 
of ethane to gi\^e hydrogen and ethylene. Let us suppose that we are interested 
in the detection of the ethyl, methyl, and methylene radicals. At first sight it 
would seem that in the case of ethyl there is a quite large (4.2 v.) difference be- 
tween the ionization potential of the radical and the appiearance potential in 
ethane. However, since e^thylenc is a product the concentration of which is 
vastly greater than that of the ethyl radical, the isotope of ethylene will have 
a mass coinciding with that of CsHs, so that it becomes necessary to take 10.9 v. 
instead of 12.9 v. as the upper limit of usable electron energ>^ Thus, the usable 
difference of energy is only 2.2 v. In the case of the methyl radical the situation 
is simpler and the electron energy- can be raised to 14.2 v. before any CHa*^ will 
appear by electron dissociation. The usable difference then is 4.2 v., and there 
is no danger of measuring the isotope 0'%^, since this would require 16.2 and 
19.2 V., respectively, from ethane and ethylene. For the detection of methylene 
we have at our disposal an energy difference of 16.2 — 11.9 = 4.3 v,, so it should 
be slightly easier to detect, if present, than the methyl radical. 

* Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 

2 A more detailed description will be found in three connected articles by the author 
appearing elsewhere (1). 
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The second problem which has to be solved is that of bleeding out a continuous 
sample of gas from the reactor at high pressure and injecting it as rapidly as pos- 
sible into the ionization chamber, where the pressure must be maintained below 
0.001 mm. Clearly, it would be useless to maintain the required pressure dif- 

TABLE 1 


Ionization and appearance potentials in ethane and ethylene 


ION 


^i^psoicCtH# 

,<42Pboic CtHi 


ioits 1 

volts 

volts 

C,H5+ 

8.7 

12.9 


C,H4+ 

10.9 

12.2 

10.9 

CH,+ 

10.0 

14.2 


CH,+ 

J 

16.2 

19.2 



Fig. 1. High-pressure reactor (63). H, stainless-steel furnace; W, water-cooled jacket; 
J, joints for attachment to mass spectrometer and to exhaust M; C, copper conductor; 
S, expansion joint; D, diaphragm recess. Enlarged view of furnace bottom is given in 
the inset on the right. 

f er e nt^h-1 by means oi long capillaries. The only alternative is to use very small 
hfdAs in thin metal or quartz foil and to expand, by fast pumping, the gas sample 
hle«^ing into the ionization chamber. One type of reactor used for high reaction 
pressures is illustrated in figure 1. This reactor is attached to the mass spectrom- 
eter by means of a joint (J) in such a maimer that the small diaphragm (D) 
in the stainless-steel furnace (H) lies in a plane about 1 cm. above the electron 
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beam (not shown) which is injected perpendicular to the axis of the reactor. 
The gas enters a heavy copper tube at the top, which also serves to conduct the 
large a.c. currents required to heat the thin walls of H. After reaction the main 
bulk of the gas is pumped av'ay via a a\ ater-cooled annular space leading to a 
pump (Pi). By proper design of the heater II it is possible to maintain a sen- 
sibly zero temperature gradient above the diaphragm D without exposing more 
than a few square millimeters of hot surface to the low-pressure gas in the ioniza- 
tion chamber. Thus the small sample of gas issuing through the diaphragm is in 
temperature equilibrium with the reactor and constitutes the only source of 
thermally activated or decomposed molecules. 

Two other types of furnace — namely, a heated (juartz tube and a grid of short 
carbon filaments — were also used for studies at low pressures. 

summarized results on light hydrocarbons 

Hydrocarbons up to and including the butenes were studied in more or less 
detail. No methylene radicals were detectable even at low pressures (ca. 0.01 mm.) 
of methane heated with carbon filaments. Only Avheu passing diazomethane 
through the furnace was there any evidence of CH 2 formation. Methyl rad- 
icals, however, were readily detectable in all cases except with pure ethylene, 
and the concentration was not appreciably decreased in the presence of oxygen or 
nitric oxide. In a number of instances small amounts ( < 1 per cent) of lead 
tetramethyl were added to the carrier gas so that the reactivity of the latter with 
the methyl radical could be studied. In figure 2 the results of some such experi- 
ments are illustrated for the carrier gases oxygen, ethane, propene at a reaction 
pressure of 1.1 mm. It will be noticed that the concentration of meth 5 d radicals 
apjiears higliest in oxygen and lowest in propene. The main cause of this result 
is probably the variation in the frequency factors of the reactions between the 
methyl radicals, produced by the lead tetramethyl, and the carrier giises. In the 
case of oxygen the dilTerence may be enhanced avS a result of the poisoning of the 
lead liberated in the reaction. The curves show clearly that as the reactor tem- 
perature is increased beyond that required for the total decomposition of the lead 
tetramethyl, the concentration of methyl tends to decrease to a minimum and 
then rise again as the carrier gas (in the case of a hydrocarbon) itself begins to 
decompose. The decrease is attributable to the fact that as the temperature 
increases, the lead tetramethyl is decomposed nearer to the entrance to the fur- 
nace and further from the sampling diaphragm. Hence the indi\udual methyl 
radicals make more collisions before reaching the diaphragm and the probability 
of interaction and removal is increased. This effect illustrates rather clearly the 
reason for the failure of the mirror method to detect radicals at pressures above a 
few millimeters of mercury. Owdng to the large distance between the furnace 
and the mirror, and the large number of collisions made in the comparatively hot 
intervening gas, the radicals have little chance of reaching the mirror. Using a 
reactor such as that shown in figure 1 no such difficulty is encountered and radi- 
cals have been detected up to pressures of 140 mm. in the case of ethane and 
methane.^ A little consideration of the dependence of the partial pressure of the 
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radicals in the ionization chamber, the total pressure in which is about 0.001 mm. 
and independent of the reaction pressure, will show that radicals will only be 
detectable at high pressures if the order of their production is equal to or greater 
than the order of their removal. Since the latter, in the case of ethane, is cer- 
tainly bimolecular, we must conclude from our results that the production of 
methyl radicals is also bimolecular. If, therefore, conditions are established in 



T*C. 

Fig. 2. Production of methyl in mixtures of 0.6 i>er cent lead tetramethyl in oxygen 
(O), ethane («), and propene (X). Quartz reactor Rl. Pressure ca. 1.1 mm. 

which detailed balancing pertains, it follows that the recombination of two methyl 
radicals occurs in a triple collision, as postulated by Kuchler and Theile (2). 

In the interaction of methyl radicals and propene it is not surprising that we 
found evidence of the allyl radical. At higher temperatures, where propene itself 
is decomposing into methyl radicals, no evidence was found of the residual vinyl 
radical, althou^ the electron-energy requirements for detection are quite favor- 
able. Large amoxmts of ethene were found at temperatures where methyl was 
abimdant, and we may therefore conclude that the concentration of vinyLis 
lowered as a result of its high reactivity. 
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FLAME STUDIES 

Since radicals had been detected at relatively high pressures during the de- 
composition of hydrocarbons, it was natural to attempt an extension of the 
technique into the field of combustion. One of the main obstacles to a unique 
interpretation of results stems from the large variety of products and interme- 
diates. Thus, if formaldehyde is created in the flame it may dissociate under 
electron impact to give an apparent radical ion CHO+. Similarly, acetylene, 
which was found in al)undance in a propane - oxygen flame, may give CH+ In a 







Ki(i. 3. Internal luotlificalioiit? of steel reactor K3 for flame studies. Gas components 
A and B enter as shown, and tin? flame extends from the side hole O across the diaphragm 
D. The distance OD can be varied by oscillating the tube T in a vertical direction, lateral 
movement being prevented by the spring guide H. A retractable platinum-iridium coil 
(S) moving in guides (O) serves to ignite the mixture. 

preliminary survey, however, it is possible to overcome some of these ambiguities 
and to deduce certain facts concerning the chemical sequence by using a flow- 
pulsating or a mechanically oscillating flame. 

Figure 3 shows the internal modifications of the reactor when used for studying 
the products of a flame })urning just above the sampling diaphragm. One of the 
reactants A enters down the tube T and encounters the other reactant B in the 
vicinity of a side hole O. Tlie flame spreads across the diaphragm and by small 
cyclic variations in the floA\^ of A and B the flame can be caused to move further to 
the right or left. Alternatively in some experiments the tube T Avas mechanically 
and cyclically moved up and dowm, a procedure which induced a certain horizontal 
movement of the flame zones across the area of the diaphragm. The conse- 
sequences of such a technique can best be explained by reference to figure 4, 
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where an idealized flame with reaction zones ABODE, in which the products 
ABODE are a maximim, is represented. If now the diaphragm, represented by 
X, is moved from X to a new position Y further from the tip of the flame, the 
concentration of the products ABODE will tend to vary in the manner shovm by 
the curves in the lower pari of the figure as X passes through successive positions 
on its way to Y and back to X. 

We can in this way speak of the phase of the products ABC etc., and it is ob- 
vious that if the heights of two mass-spectral peaks corresponding to A+ and B"^ 
differ in phase, then cannot be the electTon dissociation product of B or vice 
versa. 



Fig. 4. Schematic reproseiitation of reaction zojies in a horizontal flame pulsating across 
the sampling diaphragm. If t he latter moves from X to V, corresponding to an elongation 
of the flame, the intensities of the zonal products Ali(U)E entering the ionization chamber 
will pass through maxima A', B', C', D', and K'. As the flame contracts, the pattern will 
be repeated, and the maxima on an unfolding time scale will appear at D", C", B", and A" 

Figure 5 illustrates the type of results obtained with a pulsating oxygen-in- 
methane flame. The differences in phase show that since oxygen is richest in the 
inner cone of this particular flame, the chemical sequence must be O2, CH3O, 
CH2O, CHO, CO, and CH4. Unfortunately it is not possible to say anything 
concerning the existence of CH4O, since this would have a mass equal to that of 
O2. However, it is clear that methyl alcohol cannot be the parent of more than 
one of the above-mentioned intermediates. 

By applying additional heat to the reactor the temperature coefficients of some 
of the intermediates were briefly studied. In this way it was possible to show the 
development of methyl radicals in a zone intermediate between the oxygen- and 
the methane-rich zones. We could find no such development when methane 
was replaced with propane. The formaldehyde exhibited a negative temperature 
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coeflScient on the other hand, and since some evidence was obtained that the HO 2 
radical was present, these and other related results given in reference 1 tend to 
support theories advanced by B. Lewis and coworkers. 



Fig. 5. Summarized phase curves for iutermedial es measured \Mth a pulsating oxygeii- 
in-methane flame The amplitudes have been equalized to facilitate recognition of the 
phase relationships. The solid block marks at the base represent signals transmitted from 
the flow controller to a solenoid-operated pen giving phase reference points The flow and 
pressure lines rcpr(‘sent the variation of these parameters during the cycle. 

In conclusion emphasis should be laid on the preliminary character of many 
of the results. Considerable improvements in technique are possible and these 
should be made before rigid conclusions can be draAvn. 
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The main emphasis in this work is i*elated to the polymerization of acetylene, 
since this problem was of most importance to the Shawinigan Chemicals Ltd. 
under whose auspices it was begun. Interest was first directed towaixl a study 
of the catalytic polymer known as cuprene, and this led to an investigation of 
the polymers formed from acetylene under alpha-ray bombardment and corona 
discharge. This in turn led to preliminary work with polymers of hydrogen 
cyanide and cyanogen. 

References for some of the observations recorded here may be found in previ- 
ously published papers (1, 4). Prior to the publication of these investigations 
the acetylene polymer, regardless of the method of production, was always 
referred to as ‘^cuprene” and was assumed to possess the same structure and to 
be the same substance. In electron micrographs each polymer type studied is 
found to be iiuite different from the others; therefore there seems to be reason 
for suggesting that for clarity in the discussion each should be referred to by a 
different name. The names cuprme, alprene, and coprene will be used for the 
catalytic, alpha-ray, and corona types, respectively. It is to be noted that there 
are, in addition, various forms of cuprene itself Avhi(h are recognizably different 
in electron micrographs, although no attempt has been made as yet to classify 
them. The particular catalyst appears to be the variable factor which intro- 
duces the differences. Likewise there may l)e recognizably different forms of 
both alprene and coprene; further investigation of controlled samples will settle 
this point. The so-called ^^gunks’' which occur in reaction tubes and in ioniza- 
tion or radiation chambers are undoubtedly polymerization products whose 
microphysical properties would also be worth electron-microscope examination. 

Cuprene is formed chemically at about 300°C. and is a brown cork-like mass 
with all the characteristics of a light, dry solid. Alprene is a soft brown powder 
formed at normal temperature and pressure by alpha-ray bombardment. Co- 
prene, which was available in the form of solid brittle sheets, is formed when 
acetylene gas is acted upon by a corona discharge. 

In electron micrographs cuprene is seen to be a fibrous material. The poly- 
merization has started upon the catalyst surface and a hollow fiber has grown from 
it. On the other hand, the polymerization process initiated by alpha-ray bom- 
bardment results in round particles joined one to the other in haphazard arrange- 
ment by relatively short, thick necks. The action of a corona discharge upon 
acetyleneis to form an almost structureless film which looks the same in electron 

» Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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micrographs as it appears to the eye, except of course that it is seen on a sub- 
microscopic scale. 

The cuprene fiber has both a longitudinal and a transverse structure and is 
always a tube. The cross section of this tube is variable and many shapes have 
been observed, including ribbon-like, square, rectangular, oval, round, and even 
hexagonal ones. It is theorized that a combination of catalyst active-center 
properties and molecular dimensions determines the resultant fiber shapes. An 
interesting experiment, important from the point of view of understanding the 
catalytic mechanism, involves growing cuprene fibers on microscope specimen 
screens for a matter of seconds before stopping the action abruptly. In this 
way small, newly formcTl cuprene filaments can be (*xamined. Usually each is 
observed to carry a small piece of heavy material near its tip. Since copper is 
always found in a cuprene growth even in those areas which are completely 
removed from the original catalyst, it is suggested that these small bodit‘s an' 
pie(*es of copper, reduced from the oxide by a hydrogen atmosphere which, car- 
ried along by the fiber, continue to catalyze the reaction. Electron -diffract ion 
studies detect a faint pn'sence of copper but no recognizable structure. In a 
recent private communication from Dr. A, Y. Mottlau of the Esso J.aboratories 
the usual, organic three-halo pattern of grating constants of approximately t, 
3, and 2 A. is claimed for cuprene.- 

The alprene particles are rather larg(‘. Measured statist ic^al constants an* 
given in table 1 for a number of samples of alprene, along with those for some 
other polymerization products. 

A number of comments are in order resjiecting the data foi’ the alprene samples 
in this table. (/) If is seen that there is considerable variety in the data from 
sample to sample. (^) In all but one case (sample Xo. 3) very tiny particles 
(less than 300 m^i) are conspicuous by their absence, and tn no c«.s*c [here a 
continuous distribution down to the limit of resolution, (.>) I'he standard devia- 
tions are relativel^^ high, averaging about 35.5 i)er cent of the mean diameter 
for these five alprene sainpli's. (4) Tn sample 3 there is definite evidence* in the 
results for the presence of a double distribution, which would account in this 
case for the much higher value of standard deviation. 

In electron micrographs the particles of alprene appear to be perfectly round, 
but actually from shadow-casting experiments they arc* found to be flattened 
somewhat under their own weight as they lie on the supporting surface. In ad- 
dition, they distort or flow spontaneously around holes in a supporting film aiul 
therefore liave the properties of a very visTOUs liquid. The joining necks are 
50-100 mg in length and are not artifacts nor (dectron optical illusions. To 
demonstrate the physical presence of the necks they lune been stretched, a 

^ Added in proof' Dr. Mottlau finds further tliat wlien brown cuprene ih ealcined in 
nitrogen at 7()0°F. the electron-diffraetion pattern becomes somewhat sharper and elosely 
approaches that normally given by acetylene black (3). This confirms the earlier claims 
of the author (4) that when this polymer is healed to above 3()()°U a partial disintegration 
to carbon black occurs. Consequently it appears doubtful to assunu' that diffraetion 
patterns of this material arise from the polymer alone, for it is equally possibh* that 
disintegration products contribute. 
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process which not only lengthens the necks but distorts the particle shapes 
permanently in a manner similar to that achieved by stretching tar. In electron 
micrographs the alprene looks very similar to normal liquid latex except for the 
presence of the necks, which in stereoscopic pairs give it the appearance of 
molecular models. This type of alprene throws no x-ray or electron diffraction 
pattern, a fact accounted for by its quasi-liquid nature. 

It is very questionable, of course, that alprene particles can be identified ab- 
solutely with Lind’s cluster-ions; at any rate many more than nineteen or twenty 
neutral acetylene molecules are contained in clusters the size of these particles, 
and from photographic contrast in the micrographs we know that all of these 

TABLE J 


Particle-size data for several radiation polymerization products 


SAICPJLE 

DIAMKTEH 

STAKDAU) 

DEVIATION 

APFKOXUCATELy 65 JTES. 
CENT OF THE PASTICLES 
LIE BETWEEN 


fHfi 

m 


Alprene: 




Sample No. 1 (oxidized) . 

490 1 

130 

360-620 

Sample No. 2 (oxidized) 

740 

210 

530-950 

Sample No. 3 (unoxidized) 

380 

220 

160-600 

Sample No. 4 (unoxidized) , prepared in the 




presence of hydroj^en 

720 

180 

540-900 

Sample No. 5 (unoxidized) , prepared in the 




firesence of krypton 

m) 

200 

300-700 

Hydrogen cyanide polymer (unoxidized) 

540 

200 

.340-740 

Hydrogen cyanide polymer (unoxidized), 




prepared in t he presence of xenon 

760 

UO 

620-900 

Cyanogen polymer : 




Decomposed to paracyanogeu 

85 ! 

50 

35-135 

Prepared in the presence of nitrogen 

130 1 

I 

90 

40-220 

Coprene 

1 

Structure in the flakes o 

f less than 30 A. 


polymer particles have relatively high densities. Either the cluster-ion or the 
free-radical hypothesis could account for the existence of both the particles and 
the joining necks by consideration of a combination of polymerization and con- 
densation mechanisms. Both would be consistent ^dth the relatively high 
values of standard deviation. It is not evident immediately why there is no 
continuous distribution of particle sizes toward those of extremely small diam- 
eters, unless we can assume that some lack of further “seeding” occurs at some 
abrupt point prior to the end of particle growth. 

The coprene flakes appear to have a very fine unresolvable stmeture such as 
might exist if the material were deposited originally as a fine-particle mist; 
From considerations of existing microscope resolution and measurements made 
on the micrographs, this structure is deemed to be less than 30 A. This is a 
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suitable place to refer to a paper (2) which contains a discussion of the contami- 
nating or polarizing layers deposited in electron microscopes due to electron 
action. It is suggested that hydrocarbon vapors unavoidably present in the 
instrument are polymerized and deposited under electron bombardment. The 
deposits in this case are again structureless films which contaminate all surfaces 
inside the instrument, including those of the specimen itself. It should be noted 
that the brown stains w'hich always occur on metal surfaces under electron 
bombardment in vacuo are significant only to the extent that they indicate con- 
tamination by hydrocarbon polymerization. Electron microscopy of samples of 
electron and corona radiation polymerization products formed in controlled ex- 
periments may throw considerable light not only on some of the problems of 
radiation chemistry but also on the subject of contamination in electron micro- 
scopes. 

One fact concerning the contamination phenomenon is particularly worth 
noting here. The deposition of contaminant is always greatly enlianced at or 
near a conducting, electrically grounded surface, indicating that the process of 
polymerization and deposition is electrical and that probably a negative free 
radical or ion is involved. 

Although the polyiiKTization mechanism for the formation of hydrogen cyanide 
polymer is i)r()bably similar to that for alprenc, th(i appearance in micrographs 
is somewhat different. The shapes of the particles are much more variaVde, 
necessitating some choice of the particle shape* in order to secun* the statistical 
constants given in the table. Since the major portion of the material is com- 
posed of round particles, these alone arc measured to give the tabled values. 
Some are (*xtremely huge* and ai*e able to absorb sufficient energy from the elec- 
tron beam to appear to b(*come less viscous and oscillate like* suspended liciuid 
droplets. Often one large particle so bombarded will separate into two or three. 
All of the sample material is composed of smooth rounded units, a fact which 
indicates its semiliquid nature. There is some evidence for joining necks be- 
tween the particles, but these are not as obvious as they are in alprene. 

The cyanogen polymers formed under alpha-ray bombardment have a much 
reduced mean particle size. All of tlie groups seen in the micrographs appear 
to be aggregates of small particles of mean diametcT about 130 m/^. These 
particles are often straight -edged, do not appear to be joined together by necks, 
and from their appearance are probably solid. 

From the samples studied to date we ma}- conclude: (/) that the alpha-ray 
polymers deposit as fairly large, definite particles whose size and shape are rec- 
ognizable; (^) that the electron or corona polymers deposit as films possessing 
extremely fine structure; (3) that catalytically grown polymers are formetl as 
fibers; (4) that the appearance of these fibers varies according to the catalyst 
used; and (J) that polymers formed from the same source substance, but poly- 
merized in different ways, are different materials and should be notated as such. 

These results are necessarily preliminary and ciualitative or semiquantitative, 
but they may serve to increase the growing body of data which will be used to 
clarify our knowledge of the mechanisms of photochemical and radiation -chemical 
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phenomena. Possible future applications of electron microscopy in tiiiis subject 
may involve: {1) examination of polymerization products from controlled slow- 
electron reactions; (2) classification of tne microphysical properties of a large 
number of substances polymerized by a wide variety of types of radiation; and 
(S) examination of the polymerization products which probably occur to “kill” 
Geiger-counter tubes. 
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Throughout the discussion of the polymerization of acetylene under the influ- 
ence of alpha particles, the significant fact that considerable formation of benzene 
occurs has been neglected. This product was first identified (1 1 ) by its absorp- 
tion spectnim, and the kinetics of its formation (13, 14) studied subsequent to 
its identification. This observation is so important for the proper interpretation 
of radiochemical reaction mechanisms that the salient experimental results, and 
conclusions based upon them, will be reviewed. Details will be largely omitted 
since they have been reported fully elsewhere (11, 13, 14). 

IDENTIFICATION OF BENZENE 

The formation of benzene was demonstrated by connecting a cylindrical vessel 
(4.9 cm. in diameter and 50 cm. long), filled with an acetylene-radon mixture, 
through an appropriate arrangement of traps and stopcocks to a cylindrical ab- 
sorption vessel located between a Leiss hydrogen-discharge tube and the slit of 
a Hilger E-1 quart^z-prism spectrograph. After 7 days the acetylene- radon mix- 
ture was introduced into the absorption tube, and the absorption spectrum of 
the gas mixture taken in the wave-length region 230-270 m^u. The photographic 
plate revealed the characteristic multibanded spectrum of benzene. Comparison 
of this spectrum, as well as two others obtained by additional independent ex- 
periments, with that of pure benzene vapor confirmed this conclusion, Obvi- 

^ Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Noire Dame, Notre Dame, Indiana, June 24-27, 1947. 
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ously a volatile product containing benzene was formed in addition to the well- 
known cuprene-like solid. 

It was further ascertained that the volatile product consisted almost entirely 
of benzene. This fraction was separated as a white solid by freezing in a carbon 
dioxide-acetone mixture and removing the remaining ac(‘tylene-radon mixture. 
The freezing mixture was removed, and the condensate allowed to expand to 
fixed pressures into a restricted volume which included the absorption tube 
Absorption spectra taken at pressures of 2.6 min., l.K) cm., and 2.70 cm. of 
mercury were compared with those produced on the same plate by a range of 
pressures of pure benzene vapor. Visual comparison indicated the presence of 
<4.5 mm., <2.5 cm., and 2.5-3.() cm. of benzene, respectively. Furthermore, 
the melting point of this product was 5.3~5.7°C., and other samples obtained 
from later experiments melted over the range 5.3“5.t)°C. The vapor pressures 
of the latter product over a larger range of temperatures proved to be very close 
to that of pure benzene. In view of these observations, it is clear that benzene 
constitutes by far the major portion of a volatile product formed during the 
radiochemical polymerization of acetylene; and it was estimated that about 15- 
20 per cent of the reacted acetylene could be accounted for in this way. The 
production of benzime appeared, furthermore, to be proportional to the amount 
of radon decayed, indicating that benzene is formed simultaneously with the 
high polymer. This was confirmed in the later kinetic study. 

It is not excluded that other products arc likewise formed, though none was 
identified. Should such produids be isolated, they will probably have a higher 
molecular weight than benzene; hence they would divert relatively even larger 
amounts of acetylene from the formation of solid polymer than does benzene. 
In subse(iuent kinetic considerations, however, it will be assumed that the volatile 
product is exclusively benzene. 

It is of interest to note that benzene was also found in a glass cylinder filled 
with pure acetylene placed adjacent to a vsimilar vessel containing radon. One 
must thus conclude that acetylene polymerizes under the influence of l3-y radia- 
tion by a mechanism similar to that of the alpha-particle reaction. 

HATE OF BENZENE FORMATION 

Five experiments were performed to ascertain the rate at which benzene was 
formed. The apparatus consisted of a spherical reaction vessel comiected through 
stopcocks and traps to a vacuum pump and a manometer. After successive 
introduction of radon and acetylene, the total pressure and amount of benzene 
were measured periodically. The latter determination was effected by freezing 
out the benzene in a separate trap adjacent to the manometer, returning the 
acetylene-radon mixture to the reaction vessel which was closed off, and noting 
the magnified pressure of the benzene. From a knowledge of the ratio of re- 
stricted volume to the total reaction volume, the partial pressure of benzene in 
the reaction system was calculated. After each measurement, the benzene was 
returned to the main vessel and the reaction allowed to continue. 

One typical set of data is presented in table 1. In this run, 38 millicuries of 
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radon was mixed with acetylene at a pressure of 627.2 mm. in a vessel having a 
volume of 573 ml. and a radius of 6.15 cm. Columns 1 and 3 show, respectively, 
the total gas pressure and the partial pressure of benzene at each interval; and 
the difference is the partial pressure of acetylene recorded in the fifth column. 
Column headings and eo^H» represent the fraction of radon remaining 
at the time that respective pressures were measured ; they correspond roughly to 
time lapses of 1 , 2, 3, 6, 8, and 14 days. The fraction of acetylene which reacts 

37’c 

to form benzene, computed as , is given in column 6. 

It is clear from these typical results, and substantiated by other experiments 
(13, 14), that 20 per cent of the reacting acetylene is converted initially to ben- 
zene, and that the extent of this conversion appears to drop gradually as the 
polymerization progresses. Had this fraction remained constant throughout 


TAHLE I 

Data on radon -sensitized reaction in acetylene 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 







Pp u (calculated) 

■^total 

“Xr 

^total 


-\T 

‘'CaHa 

^r,Hj 

FRACTION OF 

(’aH, - ^ CaHa 

is " 

Secondary 

GHa 

reaction 

mm. Hg 


mm. Hg 


mm. Hg 


mm Hg 

mm. Hg 

627.2 

1.000 


1.000 

627.2 




595.3 

0.853 

2 . 2 t ) 

0.850 

593.0 

0.201 1 

2.28 

2.26 

568.2 

0.691 1 

3.88 j 

i 0.688 

564.3 1 

0.185 1 

4.19 

4.12 

545.4 

0.555 

5.60 I 

0.558 

539.8 

0.192 * 

5.83 

5.58 

516.6 

0.408 

6.92 1 

0.406 

509.7 

0.176 

7.83 

6.93 

486.5 j 

0.240 

7.93 j 

0.239 

478.6 

0.160 [ 

9.91 

8.46 

457.7 1 

0.0804 

9.48 

0.080 

448.2 

0.159 j 

11.93 

9.58 


the reported run, the benzene partial pressures would have had the values listed 
in column 7, which are computed as from the decrease in acetylene 

pressure. The benzene deficiency is attributed to a secondary radiochemical 
reaction of benzene which is known to occur (9, 13, 14). The velocity of this 
"eaction (13, 14) is insufficient in itself to account completely for the small ben- 
zene deficiency. It is necessary to assume a “catalytic effect” of the large excess 
of acetylene similar to that of inert gases (5, 12). In column 8 are listed the 
benzene pressures to be expected if the fraction of acetylene reacting to form 
benzene remains constant at 20 per cent and the secondary benzene reaction 
proceeds at an enhanced rate. The belief that the small drop in benzene yield 
is due to a secondary reaction is supported by acetylene polymerization experi- 
ments (13, 14) in the presence of added benzene and using 93 millicuries of radon. 
In both cases, the initial yield is equivalait to less than 20 per cent, indicating 
an increased velocity of the secondaiy reaction. In view of the above considera- 
tions, it appears safe to assume that the benzene is formed simultaneously with 
the high-polymeric product and is not an intermediate product. It is probable 
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that the benzene was missed by earlier workers (4, 12) because of the fifty- to 
himdred-fold higher radiation intensity employed, which accelerated the second- 
ary polymerization of benzene. A report (10) that the weight in air of the 
cuprene-like solid produced was equal to the weiglit of reacted acetylene is 
vitiated by the known capacity of the polymer to absorb large quantities of 
oxygen (6). 


DISCUSSION 

The over-all M/N calculated from the data in table 1 is 21 zb 2. Admitting 
that one-fifth of the reacting acetylene produces benzene, one must conclude that 
the interpretation of the ion yield as a cluster of 21 acetylene molecules is un- 
tenable. It would be necessary to have not a single cluster type but at least 
two sizes- of clusters, of 3 and ^18 acetylene molecules, to account for a net 
M/N == 21 in which benzene formation is involved. This would require fur- 
thermore that about 1.5 trimer clusters be formed for each large cluster, a require- 
ment which is entirely at variance with the cluster mechanism. The picture is 
still further complicated, to the detriment of the cluster theory, by the likelihood 
that other products are formed, even if produced in small quantities. Finally, 
the M/N for benzene formation, in terms of reacting acetylene molecules, is 
:>!«^0.2 X 21 or z 5-^4.2, not 3, as anticipated by a cluster explanation. In any case, 
even the value of 4.2 is an arbitrary yield at best, since only ions are considered 
as initiating reaction, radicals and molecules being neglected. 

The writer prefers to explain the radiochemical polymerization of acetylene 
without benefit of clusters or ions, because of its striking similarity to the photo- 
chemical (2, 3, 7) reaction. The radiochemical reaction is regarded as proceeding 
by means of successive bimolecular reactions (8) between a normal acetylene 
molecule and an excited molecule or polymer. The mechanism may be repre- 
sented by 

(VT* - (( VIl2)3* (1) 

where Call* is an excited acetylene molecule or radical, and (C 2 H 2 )* and 
( 02112 )* stand for excited polymers presumed to be linear in character. At the 
trimer stage two I’eactions may occur: further polymerization as in the reaction 

(C’sHs)?— (C'sHs): etc. (2) 

and cyclization to form benzene 

(C2H2)3*’->CeH6 (3) 

Reaction 3 is possible thermochemically, since the heat of formation of benzene 
vapor from acetylene is kg.-cal., while the heal of formation of a linear 

At the 8 ymp) 08 ium and in an <*arlier publication (13) the M/X was considered as an 
average yield. This leads to a high polymer cluster of 26 instead of 18, and a frequency rat io 
of 2:1 instead of 1.5:1, The M/X more properly represents a sum of yields, and was so 
treated in the above calculation. 
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trimer from acetylene is C!s^l38 kg.-cal., taking the heat of formation (1) per 
— CII=CH — group as 46 kg.-cal. Accordingly the rearrangement of the trimer 
is exothermic by but 5 kg.-cal., a value which is probably small compared to the 
energy of the excited trimer. Tliis total energy may be dissipated as heat; or it 
may be transferred to a normal acetylene molecule by collision either with an 
excited benzene molecule after reaction 3 has occurred, or with an excited trimer 
at the time of cyclization. Such a collision is not indispensable, however, since 
benzene can absorb about 130 kg.-cal. before undergoing decomposition. 

The mechanism by which reaction 2, for formation of high polymer, is termi- 
nated cannot be specified. It is possible that here too cyclization occurs, with 
the ultimate dissipation of excitation energy as heat. 

SUMMARY 

1. Benzene has been identified as a major product in the radiochemical poly- 
mei’ization of acetylene, and appears to be produced simultaneously with the 
cuprene-like polymer. Approximately one-fifth of the reacting acjetylcne is 
utilized for benzene formation. 

2. These observations are incompatible with the ion-cluster theory of radio- 
chemical reactions. 

3. A mechanism based on a sequence of bimolecular reactions between a nor- 
mal acetylene molecule and an excited molecule or polymer is proposed. It is 
suggested that benzene formation results from the cyclization of a linear trimer. 

REFERENCES 

(1) Flory, P. J.: J. Am Cheni. Soe. 69, 1149 (1937). 

(2) Kato, S.: Bull, Inst. Phys.-Chem. RcBoarch (Tokyo) 10, 343 (1931). 

(3) Kemula, W., and Mrazek. 8 * >5, physik C’hc*m 23B, .358 (1933). 

(4) Lmi), 8. C., Bardwell, I). C., astd Perry, J. II.: .J. Am. Chem. 8oc. 48, 1556 (1926), 

(5) Lind, 8. C., and Bardwell, I). C.: J. Am. Chem. Soc. 48, 1575 (1926). 

(6) Lind, S. C., and SririFLETT, (-. H.: J. Am. Chem. Hoc. 69, 411 (1937). 

(7) Livingston, R., and Sciuklett, V. 11.. J. Pliys. ('hem. 38, 377 (1934) 

(8) Melville, 11. W.: Trans. Faraday Soc. 32, 258 (1936). 

(9) Mund, W., and Bogaert, E : Bull. soc. chim. Belg. 34, 410 (1925). 

(10) Mcnd, W,, and Ko( h, W. : Bull. soc. chim. Belg. 34, 241 (1925) 

(11) Mund, W., and Rosenblum, C.: .1. Phys. Chem. 41, 469 (1937). 

(12) Rosenblum, C.: J. Phys. Chem. 38, 683 (1934). 

(13) Rosenblum, C.: Bull. soc. chim. Belg 46, 503 (1937). 

(14) Rosenblum, C.: J. Phys. ('hem. 41, 651 (1937). 



RADIATION OF AQUEOUS SOLUTIONS 


479 


RADIATION CHEMISTRY OF AQUEOUS SOLUTIONS^ 


A. O. ALLEN 

Clinton Laboratories, Oak Ridge, Tennessee 
Received October 2S, 1947 

I. INTRODUCTION 

The decomposition of water by alpha rays was first studied about 1905, and 
is thus one of the oldest radiation-chemical reactions. Subsequent work by 
Duane and Scheuer (3), by Nurnberger (8), and by Lanning and Lind (G) estab- 
lished that the water decomposes smoothly under alpha bombardment into 
hydrogen and oxygen gases, with some of the oxygen, however, remaining com- 
bined with the water as hydrogen peroxide. The yield of the decomposition 
was equal approximately to 2 molecules of hydrogen formed per 100 e.v. of radia- 
tion (mergy absorbed by the solution. The reaction seemed to be a typical 
example of radiation decomposition of a simple molecule, and to exhibit no 
parti(ailarly complex features. 

In 1929, however, Risse (9) announced that, under irradiation ]>y x-rays pure 
water would not decompose at all. He showed that the formation of peroxide 
in x-ray irradiated water came from combination of dissolved oxygen gas from 
the air with water and that, if no air or other impurity was present, nothing 
happened to the water. This observation was confirmed by the careful studies 
of Hugo Fricke and collaborators (5), who measured the gas produced from the 
water, as well as the hydrogen peroxide. Small quantities of gas were indeed 
found, but th(' gas consisted of hydrogen and carbon dioxide, rather than hydro- 
gen and oxygen, and must have arisen from the decomposition of organic impuri- 
ties present in the water. J^y careful purification from organic matter, the gas 
yield was decreased but nevi'r dropped to zero. Fricke concluded that the best 
way to purify water completely is to irradiate it with x-rays. 

Aqueous solutions, howcwer, are profoundly affected by x-rays; inorganic 
solutes are oxidized or reduced, and dissolvt‘d organic compounds decompose 
with evolution of hydrogen and sometimes of carbon dioxide. The total amount 
of solute reacting for any given total quantity of energy absoibed by the solu- 
tion is of th(^ Older expected for the decomposition of pure compounds — i.e., 
around 1 molecuh' reacting per 100 e.v. absorbed. Evidently, all or a large part 
of the chemical activation obtained in the water is transferred in Ksome way to 
the solute molecules. The radiation activates the water to an energy-rich form 
which has sufficient lifetime to meet and react with the molecules of a solute 
before its energy is dissipated, even when the solution is very dilute. The ex- 
tensive and careful work of Hugo Fricke in this field laid the groundwork for 

' Prosentod at t.hn SyrnpoHiuni on Radiation Cliomistr> and Photoclioinislry which was 
held at the ITnivorsity of Notre Dame, Notre Dame, Indiana, Juia* 24 -27, 1047 

Based on work performed under Contract No. W-35-058-Eng 7] for the Atomic Energy 
Project at the Clinton laboratories. 
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our understanding of the radiation chemistry of solutions and of biological sys- 
tems, and was in every respect a model of penetrating experimental research. 

The activated water is now generally believed to consist of free radicals, H 
and OH, formed by decomposition of the water molecules under irradiation. 
No other sort of active water species would have sufficient lifetime in a liquid 
environment to be able to react with highly dispersed solute molecules with high 
efficiency. Besides, the formation of these radicals appears to follow necessarily 
the process of simple ionization in liquid water. Free electrons Avill react with 
water to produce hydrogen atoms and hydroxide ions, as is well known from the 
facts of electrolysis. The positive residue, HSO+, can react with water to pro- 
duce OH radicals: 

H 2 O+ -t- H 2 O = H,0+ -I- OH 

Because of the high solvation energy of the proton, this reaction is several volts 
exothermic. It would not be expected to possess much, if any, activation energy, 
and probably occurs almost immediately after the ionization process. The first 
result of the ionization of water is therefore believed to be the formation of H 
and OH radicals, located at a distance from one another. 

Radiation produces excitation of molecules as w’cll as ionization, and some of 
the excited molecules in water might be expected t»o decompose into H and OH 
before being deactivated by collision. Radicals formed in this way might be 
expected often to undergo initial recombination as a result of the “cage effect,” 
but some of them may be able to get out of the cage, as Dainton (2) has pointed 
out. The radicals, therefore, largely arise from ionization of the water molecules 
with, perhaps, a further contribution of unknown magnitude from electronically 
excited water. 

In the following discussion recombination of radicals (in or out of the cage) 
refers to the union of H and OH radicals to yield water; combination of radicals 
refers to reactions which do not yield water (e.g., 20H -* HjOs); back-reaction 
refers to any reaction which causes ultimate conversion of products to water 
(e.g., OH -I- Hj HjO + H). 

II. BACK-HEACriON IN THE DECOMPOSITION OP WATEK 

In the absence of any solute with which they can react, the free radicals formed 
by the decomposition of water will disappear by reaction with one another. If 
an OH radical reacts with an H atom one simply gets water molecules back 
again, but if an H reacts with another H or an OH with another OH, the new 
molecules H* and H 2 O 3 will be produced. The question now remains as to why 
the hydrogen and peroxide are not found in appreciable quantities on irradiation 
of pure water with x-rays, but are very much in evidence when alpha particles 
are used. 

The answer lies in tlie existence of a back-reaction between the products of 
the decomposition to re-form water under the radiation. The products, hydro- 
gen and hydrogen peroxide, insofar as they stay dissolved in the water, will be 
able to react with the free radicals H and OH formed by the decomposition of 
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further water molecules. They will behave like any other oxidizable or reducible 
solutes. The result will be destruction of the products with the formation of 
water. The most probable equations are: 

OH + H 2 = H 2 O + H (1) 

II + H 2 O 2 = H 2 O + OH (2) 

This mechanism supposes that hydrogen peroxide is the primary decomposi- 
tion product, with oxygen gas arising as a secondary product from peroxide 
decomposition. Data obtained on the Atomic Energy Project have shown that, 
with either fast electrons from a Van de Graaff machine or radiation from a 
chain-reacting pile, one gets only hydrogen peroxide from water on very short 
exposures; oxygen appears only on longer exposures, and is clearly a secondary 
product. 

The apparent lack of reactivity of pure water when irradiated by x-rays might 
then be ascribed to a steady-state concentration of products so low' as to be un- 
detectable by the methods used for analysis. This explanation w^as verified by 
some experiments by J. A. Ghormley and myself ( 1 ) . We w^ere able to show' that, 
on irradiation wfith 1 m.c.v. electrons or x-rays from a Van de Graaff generator, 
a steady state of hydrogen and peroxide concentration is reached at levels of 
the order of a few^ micromoles per liter, corresponding to a few' millimeters pres- 
sure of hydrogen gas over the water. The steady-state concentrations increased 
with increasing intensity of radiation. The difference between the alpha-ray 
and x-ray effect on w ater is, therefore, to be traced to a difference in the steady- 
state concentrations of the products characteristic of the two types of radiation. 

The steadj^-state concentration for alpha particles has not been determined, 
but it is know n that the rate of evolution of hydrogen remains undiminished up 
to pressures of hydrogen of se\'eral hundred millimeters. The pressure of hydro- 
gen at the steady state for alpha particles must then lie at pressures w’ell above 
atmospheric. 

In the course of work on the Atomic Energy Project, w'e have had occasion to 
irradiate w’^ater with various other types of radiation. 'With deuteron beams 
from a cyclotron, the initial yield for the decomposition of w'ater was about 0.54 
molecule decomposed per 100 e.v. absorbed (E. Shapiro); but when 1 atm. of 
electrolytic gas w'as maintained over the water, the yield was less than 0,1 (A. 
Krueger). Such reduction in rate at a pressure of 1 atm. suggests that with 
this radiation a steady state would be obtained at pressures not very far above 
atmospheric. 

Mr. Ghormley and I are currently studying the decomposition of water in 
which much of the hydrogen is replaced bj' its radioactive isotope tritium. The 
average energy of the iS-ray from tritium is only about 5000 e.v., so that the 
velocities of the electrons, and therefore their ionizing cliaractensli(\s, are closer 
to those of cyclotron deuterons than to those of fast electrons. The experiments 
are complicated by tlie disappearance of hydrogen from the water by its decay 
to helium, with corresponding release of excess oxygen. Results so far are highly 
preliminary, but appear to indicate steady-state pressures of around 10-20 cm. 
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of hydrogen gas over the water. This is considerably higher than was found 
with 1-m.e.v. electrons. 

The value of the steady-state pressure appears to be correlated with the dens- 
ity of energy release along the track of the charged particle which is responsible 
for the decomposition. Fast electrons, such as those generated in the water by 
the absorption of hard x-rays, have the lowest density of energy loss along their 
track and give the lowest steady state; the tritium betas and the cyclotron 
deuterons have a higher density of energy release and give a hi^er steady state; 
the alpha particle is still more intensely ionizing and probably gives a still higher 
steady state. 

Results on .steady-state hydrogen pressures and initial yields of hydrogen 
evolution from water by various kinds of radiation are summarized in table 1. 


TABLE 1 

Decomposition of water by various types of radiation 


R/VDIATION 

Type 

Energy 

AVERAGE 
DENSITY OF 
ENERGY LOSS, 

E/R 

INITIAL DECOM- 
POSITION YIELD 

(hydrogen 

PER 100 E.V. 
absorbed) 

STEADY- STATE PRESSURE 
OF HYDROGEN 


k.e V. 

k.e V /cm atr 

molecules 


PJlectronH 

1000 

3 

0.2-0. 5 

1-2 cm. 

pjltictrons (tritium betas) 

5 

70 

0. 1-0.4 

10-20 cm. 

Deuterons 

sooo 

175 i 

0.5*1 

00 cm or more 

Alpha rays 

5000 

1430 

2.0 

Well ov('r 1 atm 

Pile radiation (fast neutrons 





mixed with gamma rays) 




30-100 cm. 


A column is included of approximate values of the average density of energy 
release of each type of radiation, as given by the energy of the radiation divided 
by its total range in centimeters of air at N.T.P. 

in. EFFECT OF SOLUTES ON THE STEADY STATE 

"W e are currently engaged at the Clinton Laboratories in studying the steady- 
state levels of decomposition products which can be obtained in water by various 
types of radiation. One fact which seems to be emerging from our work is that 
almost anything dissolved in the water has the effect of increasing the amount 
of decomposition which can be obtained. Some solutes are oxidized or reduced 
by radiation, but those which are apparently not affected still can increase the 
steady-state pressure of hydrogen and oxygen over the solution from what it 
would be if the water were pure. The best-known example is the effect of 
bromide or iodide ions on the decomposition of water by x-rays or fast electrons. 
Fricke found that irradiation of dilute solutions of potassium bromide or potas- 
sium iodide would not produce iodine or bromine as one might expect, but instead 
resulted in the formation of hydrogen and hydrogen peroxide. Work by J. A. 
Ghonnley and myself at the Metallurgical Laboratory of the University of Chi- 
cago, using fast electrons as a source of radiation, showed (1) that the bromide 
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effect was due to an increase by the bromide ions of the steady-state concentra- 
tion of hydrogen and peroxide (or oxygen); a steady pressure of 40 cm. of elec- 
trolytic gas was reached over 4 X 10~® M potassium bromide solution. Hydro- 
chloric acid and nitric acid were found to exert similar effects with the fast 
electrons at concentrations of 0.01 N\ sulfuric and phosphoric acids at the same 
concentration did not increase the steady state very much, if at all, beyond the 
level obtained with pure water. Pure water Avhich had stood in a scaled Pyrex 
vessel for some time gave a much higher steady state than given in a freshly 
filled vessel, a result which seems to indicate that dissolved Pyrex glass increases 
the steady-state level. 

At the Clinton Laboratories we have been studying the effect on water of 
radiation from the chain-reacting pile. This is a mixed radiation consisting of 
fast neutrons and gamma rays. Steady states seem to be obtained at hydrogen 
pressures of the order of 30-100 cm., but the results are extremely irreproducible, 
probably because of the influence of dissolved or colloidal material coming from 
the walls of the fused silica containers used. Addition of 1 N sulfuric acid or 1 
M potassium chloride to the water gives reproducible results, but the pressure, 
instead of leveling off at 1 or 2 aim., continues to rise and is still going up at 
pressures of several dozen atmospheres. In all cases thus far established, the 
solutes have the effect of increasing the steady-state level of decomposition 
products, although it is conceivable that some vsolute might be found which 
would lower it. The concentration required to produce a given increase of the 
steady state \'aries considerably with different solutes. Bromide and iodide ions 
and dissolved glass are effective at very low^ concentrations, while sulfuric acid 
and potassium chloride recpiire considerably higher concentrations. We ascribe 
these effects to an inhibition of the back-reaction by the dissolved substances. 

IV. PHOHABLE CHAIN CHARAOTKR OF THE BACK-REACTION 

Eejuations 1 and 2 above imply that the back-reaction is a chain reaction. 
It is, in fact, analogous in every respect to the w ell-knowTi chain reaction betw een 
hydrogen and chlorine in the gas phase to form hydrogen chloride. Here the 
place of the Cl atom is taken by the OH radical, which would be expected to 
have a very similar chemistry, and H 2 O 2 takes the part of CI 2 . The irreproduci- 
biUty of the results on water decomposition, and the sensitivity to traces of 
certain types of impurities, are characteristic of chain reactions carried by free 
radicals or atoms. The impurities act by reacting wTth the chain-carrying radi- 
cals to form bodies which are incapable of carrying on the chain. Thus the dis- 
solved glass probably reacts w ith OH radicals to form some sort of persilicic acid 
radical which is incapable of reacting with hydrogen molecules; the back-reaction 
chain is thereby interrupted by a very small concentration of dissolved glass, 
and the steady-state level of products in the water is increased. 

The reaction mechanism is particularly clear in the case of 0.01 N nitric acid 
solution, irradiated at the Metallurgical Laboratory by high-energy electrons. 
Here it was found that in very short irradiations hydrogen constituted almost all 
of the gas produced ; after the irradiation was stopped, how ever, oxygen continued 
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to come out of the solution by a first-order thermal reaction with a half-life of 
about 7 min., and when this reaction was complete the gas contained exactly 
one-third oxygen, so that the net reaction was decomposition of water. Here 
the oxidizing radicals were evidently tied up with the nitric acid to form some 
sort of pemitric acid which was thermally unstable, but unlike hydrogen peroxide 
would not react very readily with hydrogen under irradiation. Hydrogen gas, 
therefore,- continued to come off to much higher pressures than would have been 
obtained with pure water; the oxygen was evolved later by thermal decomposi- 
tion of the pemitric acid. For long irradiations a steady state was attained, 
and this gas probably consisted mostly of hydrogen. The thermal decomposi- 
tion of the pemitric acid, of course, takes place whether the radiation is present 
or not; the oxygen evolved from it combines with hydrogen under the action of 
the radiation, and the steady state is achieved when the rate of oxygen formation 
by pemitric acid decomposition balances the rate of oxygen consumption by 
reaction with hydrogen under radiation. The steady-state pressure, therefore, 
depends both on the radiation intensity and on tlie volume of gas phase available 
over the liquid, since both of these factors affect the rate of change of concentra- 
tion of hydrogen dissolved in the liquid. The pemitric acid molecule is appar- 
ently much less susceptible to attack by hydrogen atoms or other reducing free 
radicals than the oxygen or the hydrogen peroxide molecule. Nitric acid solu- 
tion thus offers a particularly clear-cut case, because the existence of the complex 
between the oxidizing free radical and the solute is demonstrated by its thermal 
decomposition after the irradiation is stopped. With sulfuric acid or dissolved 
glass the existence of the complex is not so readily demoastrated, but it seems 
reasonable to assume that similar mechanisms are operating here for inhibition 
of the back-reaction. 

V. THE PKOPOETION OF HADICALS AVAILAllLE FOK KEACTION W'lTH SOLUTES 

Before discussing solution phenomena further, it may be well to consider more 
closely the differences between the effects of different kinds of radiation on pure 
water. Fast electrons excite or ionize only 1 per cent or less of the molecules 
which they traverse, so that the distribution of radicals initially formed in water 
by such radiation is almost uniform. More heavily ionizing radiations, such as 
slow electrons and alpha or other heavy particles, have a very much greater 
probability of producing ionization when they traverse a molecule; with such 
radiation tlie radicals will, therefore, be formed initially in high concentration 
within a narrow zone located along the track of the particle. Many of these 
radicals will recombine with one another before they have a chance to get out 
into the main body of the solution and react with dissolved substances. Only 
the fraction of radicals that get out will be available for initiation of back-reaction 
chains. Those that do not get out will produce a certain yield of hydrogen and 
hydrogen peroxide. The fraction that gets out cannot be unity even in the case 
of fast-electron irradiation, because the fast electrons will eventually be slowed 
down, and as slow electrons at the end of their trajectories they will produce dense 
ionization similar to that produced by alpha rays. These little regions of dense 
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ionization (hot spots) will provide a continuing source of hydrogen and hydrogen 
peroxide, when a solution is irradiated with hard x-rays or fast electrons, regard- 
less of what happens to the majority of the free radicals which are available for 
reaction with solutes. The steady-state decomposition levels are, of course, 
directly related to the fraction of radicals which combine within the hot spots. 
The larger the fraction of radicals which do not get out of the hot spots, the higher 
the concentration of decomposition products must be for the rate of back-reaction 
to balance the rate of forward reaction. The steady-state decomposition level 
of pure water, therefore, provides a measure of the fraction of total radicals 
which do not get out of the hot spots. In considering the reactions in irradiated 
aqueous solutions, it is important to remember that this fraction, though small, 
is not equal to zero, ^ind that a continuing production of water decomposition 
products is to be expected in any solution irradiated. 

VI. OXIDATION AND REDUC TION OF SOLUTES AND DErOMPOSITION OF W^ATER 

IN SOLUTIONS 

llie meclianism u hereby liromide or iodide ion increases the steady-state con- 
centration of decomposition prcxlucts in water irradiated by hard x-rays probably 
typifies the behavior of many oxidizable or reducible solutes. Bromide or 
iodide ions undoubtedly react with the free Oil radicals to give hydroxide ions 
and free halogen atoms. Tlie free halogen atoms, unlike OH radicals, cannot 
react with molecnilar hydrogen, so that the back-reaction is interrupted. The 
halogen atoms will eventually react with hydrogen atoms (possibly first combin- 
ing to halogen molecules) and will thus be reduced back to halide ions. Thus 
the net effect of the whole process is to cause radicals to disappear with the forma- 
tion of liydrogen ions and hydroxide ions — that is, of water. In the form of 
chemical ecpiations: 

HoO - H + OH 

on + Br-^ = Br + OH” 

n . ij - XT+ . + Br = Br2 

Br + H H + Bi ; or + n = I^r + + Br- 

OH- + H+ = HjO 

The sum of these processes is zero, indicating no net reaction. 

Since hydrogen and hydrogen peroxide continue to be formixl at a considerable 
rate, they must be produced in some other way than by interaction of radicals. 
As indicated above, the source of these products is probably the small regions of 
high ionization density (comparable to the ionization density of alpha rays) 
which lie at tlie end of each electron track (including, of course, secondary and 
tertiary electrons). Radicals formed in these little regions will react with one 
another to produce a certain yield of reaction product s before they have a chance 
to get out into the solution and suffer reaction with the bromide ions or bromine 
atoms. 

Since oxidizing agents in water are reduced by radiation and reducing agents 
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are oxidized, prolonged irradiation should bring the concentrations of reduced 
and oxidized forms of any dissolved material to a certain ratio. This ratio should 
depend upon the redox potential of the couple involved, the type of radiation, 
the concentration of hydrogen peroxide in the solution, etc. When this steady 
state is reached with respect to the solutes, however, hydrogen and hydrogen 
peroxide or oxygen siiould still be evolved from the solution, since the radicals 
which would otherwise cause V)ack-reaction will be used up in reaction with the 
oxidizing and reducing agents in the' solution. The gases should continue to 
come off, unless they are confined and the pressure built up until the concemt ra- 
tions of the dissolved gases become so high that they can effectively compete 
with the other solutes for reaction with the free radicals. The sensitization of 
water decomposition by bromide and iodide solutions is on this view simply one* 
example of what is probably a very general effect; it is unusual only in that the 
steady state for the bromine-bromide couple lies so far toward the bromide side' 
that the oxidized form is present at an undetectably low concentration. 

An alternative mechanism for the continuing production of hydrogen peroxide 
and hydrogen in solutions of potassium bromide was proposed by Dainton (2). 
He supposed that bromine atoms in solution react not only with the free hydro- 
gen atoms to form bromide ions, but also with hydroxyl radicals to form HOBr. 
The HOBr could then be supposed to react further with other OH radicals to 
form hydrogen peroxide. Using up OH radicals in this way would set free an 
equivalent amount of hydrogen atoms which would have no other course than 
to recombine with one another to form H 2 . This mechanism is certainly possible, 
but I believe that its introduction is unnecessary. The conclusion that continu- 
ing production of decomposition products of water must be occurring as a result 
of slow-electron effects appears to be inevitable and, in the existing state of the 
experimental data, no further hypothesis is needed to explain the l)romid(‘ effect. 
The hot-spot hypothesis predicts that hydrogen and peroxide evolution should 
occur at the same rate in all solutions of active oxidizing or reducing agents, after 
a constant ratio of the concentrations of the oxidized and reduced forms is ob- 
tained. There are no experimental data on this point, and studies on long-time 
irradiations of various solutions would clearly be highly desirable. In the case 
of bromide solutions, the two theories proposed give different predictions regard- 
ing the kinetics of the reaction as affected by the type of radiation, the bromide 
concentration, etc., and an extensive kinetic study of the reaction would be of 
interest. 

The continuing production of peroxide and hydrogen in irradiated solutions, 
regardless of other processes occurring, which is here postulated, must be of con- 
siderable importance in the irradiation of solutions of organic compounds. The 
hydrogen and the peroxide must always compete with other solutes present for 
reaction with the free radicals. The interpretations given by Lea (7), Weiss (10), 
and others, in terms of simple free-radical mechanisms, of the kinetics of radia- 
tion-induced reactions in complicated organic systems are no doubt too simple. 
I believe a much more thorough study of the kinetics of radiation effects in simple 
solutions, such as potassium bromide, sodium nitrite, etc., must be made before 
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we have a proper background for understanding the behavior of more complicated 
systems. 

VII. RA'J'ES OF HYDROGEN EVOLUTION, AND EFFECTS OF SIZE OF GAS VOLUME 

Decomposition studies obviously include not only determinations of the steady- 
state concentration of hydrogen, but also of the rate at which the hydrogen 
initially comes off, and the way in which this rate decreases with increasing 
product concentration before the steady state is finally obtained. Well-estab- 
lished initial yield values have been published for various solutions with x-rays, 
and for water with alpha rays. Expressed as molecules of hydrogen formed per 
too e.v. absorbed, the yield, according to Ericke, is the same (0.57) for x-ray 

irradiation of solutions of lir , I“, NOi, ScOs " AsOi — , and Fe(CN) $ , but 

much higher (up to 4) for solutions of For alpha rays on water, the value is 

(dose to 2.0. Foi* cyclotron deuterons on wato, the initial yield was 0.54, while 
the current work on tritium betas appears to indicate a still low'cr value of about 
0.1 -0.4. In the decomposition of pure Avater by fast (dectrons, the initial curva- 
ture of the piTssure -dose plot was so gn^at, because of the low steady-state pres- 
sure, that no good (\stimat(‘ could be made of the initial yitdd, although it ap- 
peared to be in the range of 0.2-0 .5 (see table 1 ). 

A variety of initial yields from ])ure water cxj)os(‘d to different radiations 
seems, at tirst sight, incompatible with the free-radical theory. The energy 
required to produce a (‘eitain amount of ionization is well known to be nearly 
independent of the type of radiation. The yield of free radicals should, there- 
fore, be nearly tlu* same in all cases. At th(* beginning of an irradiation, with 
no dissolvcnl decomposition prcHluct or other substance present to react with 
the radicals, all the radicals must rea(*t with one another to give either HoO back 
again or Ho and ddie jirobability of like or unlike radicals redacting might 

be th(^ sam(', whether the radicals luact in the zoih^ of high concentration or out- 
side in the main body of the solution. The initial yield of products should then 
be the same regardless of the type of radiation. 

It may be that this is actually so, and that the initial yield is actually 2.0 for 
all kinds of radiation. With less densely ionizing radiations than alpha particles 
(deuterons, electrons), the yiedd may always be nnlucHMl so fast by back -react ion 
of the first portion of product formed that the true initial slope cannot be seen. 
If this is the case, the great initial cun^ature of the plot of hydrogen evolution 
dosage must be supiiosed to decrease rapidly and give nay to a cuiwe of rela- 
tively (‘.onstant slope, which cuiwes over toward the steady state much more 
slowly. 

We have obsi^rved such behavior at later stages for curves lupresenting as a 
function of time the decomposition of 1 N sulfuric acid solution under pile radia- 
tion, and (impure) water und(T tritium betas; the curve, which initially bends 
ov(T and appears to be approaching the steady state, stops bonding and continues 
to rise almost linearly. Such behavior could not be obtained if products are 
disappearing by a simple (diain reaction, while the chains are terminated by 
bimolecular reactions of radicals; such a me(4ianism leads to a smooth exponential 
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curve. The ‘‘breaks’’ in the slope of the curve must indicate the setting in of 
another mechanism, with the nature of the radicals being altered. One possible 
cause of this change is not hard to find; it lies in the reactions which lead to the 
decomposition of hydrogen peroxide, the primary product, to oxygen. This 
decomposition is known to have a very high yield with x-rays (4, 9) and is a chain ; 
the chief mechanism probably is: 


H2O2 + OH = HoO + HO2 (3) 

H2O2 + HO2 = O2 + H2O + OH (4) 

OH + HO2 = H2O + O2 (chain termination) (5) 

Oxygen in its turn is known to be reduced to peroxide under radiation; this must 
occur in two steps: 

O2 + H - HO2 (6) 

HO2 + H = H2O2 (7) 


As soon as the concentration of peroxide in the water has become appreciable, 
the radical HO2 must begin to play a part in the reactions. It will be seen that 
equations 3 and 7 involve an oxidation-reduction couple, which will lead to the 
suppression of reactions of H and OH in the same way that the Br-Br“ couple 
does; in this case, H2O2 is the reducing agent of the couple, HO2 the oxidizing 
agent. Reactions 5 and 6 constitute another such couple, with HO2 in this 
case being the reducing agent and O2 the oxidizing agent. These reactions 
would stop the back-reaction, as the bromide couple does, if the radical HO2 
could not carry on the reaction chain. It may be, however, that HO2 can react 
with hydrogen, though perhaps rather sluggishly, to carry on the chain to some 
extent: 


H2 + HO2 - H2O + OH (8) 

Insofar as reaction 8 occurs, accumulation of H2O2 and O2 will not lead to com- 
plete suppression of the back-reaction chain. 

In any event, peroxide competes with hydrogen for reaction with the OH 
radicals, and the net yield of water decomposition at any time must depend on 
the relative concentrations of 112, H2O2, and O2 in solution, as well as on the 
absolute concentration of H2. It follows tliat the curve of yield vs, concentration 
of dissolved hydrogen will depend on the relative volumes of gas and liquid 
present in the system, since a large gas volume will allow most of tlie hydrogen 
to escape, while the peroxide will remain behind in solution. The concentration 
of hydrogen at the steady state, and therefore the pressure of gas over the water, 
will accordingly depend on the gas-to-liquid volume ratio; the larger the relative 
gas space, the higher the steady-state pressure, since large gas space favors 
excess peroxide, which inhibits back-reaction. The steady-state pressure over 
water by a given radiation should thus not be a characteristic constant, but 
should vary with the available volume. 

Our studies of water decomposition under pile radiation suggest such an 
effect. Pressures of hydrogen over the water after long irradiations are higher 
when the gas volume in the sealed exposure tubes is comparable to the volume 
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of water than when the gas volume is small or zero. (Of course, the opposite 
is true for short irradiations, since the larger the gas volume the greater the total 
amount of decomposition needed to obtain any given pressure.) These results 
are not too convincing because of irreproducibility. There are no data a^^ailable 
for other types of radiation to test this effect. 

The system containing water, hydrogen peroxide, hydrogen, oxygen, and free 
radicals is obviously of great kinetic complexity. Studies of yields of water 
decomposition and formation in systems in which the concentrations of hydrogen, 
oxygen, and peroxide are independently varied, by various t\''pes of radiation at 
different intensities and temperatures, should, however, prove sufficient to 
unravel the puzzle. 1lie great difficulty we find is to avoid extraneous con- 
tamination of the water. 

Returning to the question of the initial yields for water decomposition by 
different kinds of radiation, there is another explanation which would allow the 
observed differences in initial rates to be real. It has been suggested that 
activation energy may be reciuired for the combination of two Oil radicals to 
H 2 O 2 , because of the dipole repulsion between the radi(*,tils when they approach 
in the proper configuration to combine. Xo activation energy would be an- 
ticipated for the reaction of H with H or with Oil Xow' it is clear that if the 
combination of OH’s is slow’ while that of ITs is fast, th(‘ OH radicals will im- 
mediately assume a much higher concentration than tlu' If, and lu^arly all H 
formed will, consequently, combine witli Oil rather than with another IJ. Thus 
the main reaction will simply be recombination of unlike radicals to water, and 
the yield of H 2 and II 2 O 2 will be very small. The kinetics are simple, and it is 
readily calculated that at room temperatun' an a(‘,tivation energy of 5500 cal. 
for combination of OH radicals will lead to 98 per cent recombination of H and 
Oil to w^ater. Xow' in the zones of high radical concentration, the freshly formed 
OH radicals will be in an excited state, and the local effective temperature of 
the water and everything else in the hot spots will be high because of the gieat 
local energy release. This high temperature will cause th(‘ reaction rates of 
OH with H or with another OH to become more nearly ecpial, so that in the 
hot spots formation of peroxide and hydrogen can occur with a relativelN' good 
yield. On this view*, radic^als getting out of the high concentration zone do not 
contribute to the initial yield, and affect the ivsults only by causing back- 
reactions. Thus the initial yield should be a direct measure of the amount of 
continuing decomposition yield found when the back-reaction is completely 
inhibited b}" oxidizing or reducing agents such as bromide. At present we do 
not have enough data to decide between this theory and the alternative pro- 
pounded above: namely, that the initial yield is always high but is decreased so 
rapidly by back-reaction that it cannot be measured. By a thorough study of 
the reaction kinetics in various systems, one should be able to determine in- 
directly the rate of dimerization of OH, and hence to decide between the theories. 

Experimental results reported in this paper as having l>eeii obtained on the 
Atomic Pinergy Project wore performed at the Metallurgical Laboratory of the 
University of t -hicago under contract with the Manhattan District, and at the 
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Clinton Laboratories operated by the Monsanto Chemical Company under con- 
tract with the Atomic Energy Commission. The writer is happy to acknowledge 
his indebtedness to Professor James Franck and to Professor Milton Burton for 
many helpful discussions. 
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1. Introduction 

Ionizing radiation is usually taken to mean x- and 7-rays or beams of fast 
charged particles (protons, deuterons, a-particles, jS-rays, and cathode rays^). 
In the passage of the charged particles through water, water molecules are ionized 
by impact. Such ion-pairs \yi\l be created along the track of a single ionizing 
particle or along 6-rays immediately adjacent to it. X-rays and 7-rays consist 
of high-energy quanta, and absorption of such a quantum by a water molecule 
results in the ejection of a photoelectron or Compton recoil electron of higli 
energy. The fast secondary electrons thus produced ionize other water mole- 
cules by impact, and the net result of absorption of x-rays and 7-rays is therefore 
very similar to absorption of fast electron beams, i.e,, cathode or i8-ra3^s. An 
important difference between x-, 7-, and cathode rays on the one hand, and 

^ Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 

2 Neutron beams will not be considered in this article. 
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massive particle beams (p, d, a) on the other, is the much greater ion density in 
the case of the latter. For example, Lea (35) calculates that the number of 
primarj^ ionizations per micron of path of a 100-kv. electron through water is 4.7, 
whereas with a 1-m.e.v. parlic.le the corresponding number is 204. 

To the chemist studying the chemical changes induced by the absorption of 
one of these types of radiation by water or aqueous solutions, the most important 
problem is to discover the link between immediate conse(iuen(‘es of the absorption 
of the radiation {cf, the primary act in photochemical processes) and the ultimate 
change which is observed. There are two approaches to this jiroblem. The 
first is to consider theoretically the probable fate of the particles formed in the 
primary radiochemical act, and the possible chemical changes which may result. 
The second method is to deduce the number and nature of the primary pai4icles^ 
from the observed magnitude and character of the chemical reaction. This 
argument w ill be the stronger if similar changes can be producefl in a(]ueous solu- 
tion by well-recognized processes not involving the use of ionizing radiation. It 
is here that the link w ith photochemistry occurs. 

In the present paper both these methods will be ap])liod. In the second ap- 
proach particular referemte will l>e made to some preliminary results on the radia- 
tion-induced polymerization of certain vinyl compounds in dilute aqueous 
solutions. 


II. Theoretical 

In most radiation-induced reactions the rate of energy absorption can be cakai- 
lated and henc() the number of molecules decomposing per erg of absoihed energy 
evaluated. T he latter (quantity has ahvays been considered to be of less signifi- 
cance than the ion-pair yield (M/N)^ defined as the number of molecules trans- 
formed per ion-pair formed. M/N can be accurately evaluated in certain gase- 
ous systems where the saturation current can be measured. In liquid waiter the 
number of ion-pairs formed (N) caimot be measured, and it has been commonly 
assumed that, the average energy to (Teate an ion-pair is the same as that i cciuired 
in air, 32.5 e.v. per ion-pair formed by light particles and 35 e.v. per ion-pair 
formed by massive particles. The ion-pair yield is then put equal to the product 
of 32.5 e.v. (or 35 e.v.) and the number of molecules reacted divided by the energy 
(in electron volts) absorbed during reaction. In several discussions of the varia- 
tion of ]\I/N, so determined, with concentration and other variables, it has been 
pointed out (17, 30) that along the particle track ILO"^ ions arc formed which 
rapidly dissociate into a hyclrion and hydroxyl radical (H*^ + t)H), wiiilst the 
secondary electron is not slow^ed dow'u to thermal speeds, and therefore not 
captured, until it has travelled some distance from the tracik. The electron 
attachment process postulated is -f- e — ^ H; hence the net effect, of the ioniza- 
tion is regarded as the production of a higli concentration of hydroxyl radicals 
along the track and of hydrogen atoms at much lowT^r concentration contained in 

» Only iiuiin'ct action will be considered here, i.e., any small changes brought about in 
dilute aqueous solution by the action of the radiation directly on the solute will be ignored. 
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a cylinder of very much larger radius than the track, which is the aids of the cylin- 
der. Gray, Dale, and Meredith,^ applying Lea^s modification of Jaff4's formulae 
to the passage of a 5-m.e.v. a-particle throu^ water, calculate that the initial 
hydroxyl-radical concentration is molar and confined to a cylinder 8 X m 
radius, whilst the radius of the hydrogen atom column is 1.5 X lO”"* ix initially, 
corresponding to a molality of 0.0087. Implicit in all calculations of this kind 
are three assumptions: (a) that 1120 ^ is the only positive ion formed, (6) that 
any radicals produced by excitation can be omitted from consideration, and 
(c) that the radicals as formed have only thermal energies and are in ground 
states. Assumption (b) is explicitly stated by Lea, and is presumably made on 
the grounds that the radicals formed by direct dissociation of the water molecules 
may recombine almost as soon as they are formed. It will be useful to reexamine 
the primary radiochemical act in the light of these assumptions. 

The various single ionization energies of water (12.56, 18.5, 18.9 e.v.) are 
about half the value (32.5 or 35 e.v.) of the mean energy assumed to be dissipated 
when an ion-pair is created. It Ls unlikely that the excess energy, which in all 
cases exceeds 12.5() e.v., is located on the electron, for it is probable that such a 
fast electron would bring about further ionization of some of the water molecailes 
with which it is bound to collide. We conclude therefore that the ionizing par- 
ticle (a, etc.) does not ionize every water molecule which it hits, but that a 
certain fraction of these collisions result in excitation. Guidance on these prob- 
lems can be obtained by considering the results of electron impact and discliarge 
experiments on water vapor, and the results of Bethels calculatioiLs for electron 
impact in atomic hydrogen gas, and then to coasider Ixow the conclusions reached 
for water vapor must be modified when the target water molecules form part of 
the ^quasi-structure of liquid water. 

A. THE EFFECT OF IONIZING RADIATION ON WATER VAPOR 

The electronic structure of the normal state of the water molecule, omitting 
the K electrons of the oxygen atom, is represented by Mulliken (45) as: 

(2mi)* (yW* M* (2xbi)iMi 

Approximate location ... O HOH HOH O 

in electron volts 32 18 17 12.7 

Square brackets enclose bonding electrons which take part in both hydroxyl 
bonds; and the lone pairs, i.e., non-bonding electrons, of the oxygen atoms are 
in round brackets. denotes the calculated ionization potentials for 

removal of one electron, assuming that the configuration of the water molecule 
is unaltered during the process. Mulliken has also predicted that an excited 
state of the water molecule exists which lies '^7 e.v. above the ground state and 
in which one of the non-bonding 2a;6i electrons is raised to the Z$ai orbital. He 
attributes the continuous absorption of water vapor beginning at X 1780 A. to 
excitation to this level, in which state the molecule predissociates, possibly to 


< Private communication. 



EFFECTS OF IONIZING RADIATION ON SOLUTIONS 


493 


molecular hydrogen H 2 (^Sg) and an excited oxygen atom O QD). Using a 
vacuum spectrograph of high dispersion, Price (55; see also 56) conlirmed this 
view and was able to fit the bands at X 1250 A. into a Rydberg series and hence 
to obtain the accurate value of 12.50 e.v. for the first ionization potential of 
water. 


1. The nunther and kind of ions and radicals formed by impojct 

(a) The ions formed by electron impact on water molecailes in the vapor phase 
have been identified, and their relative abundance determined mass spectro- 
graphically in several investigations. The earlier work has been reviewed by 
Smyth and Mueller (62) and a more recent study using a mass spectrograph of 
higher resolving power has been made by Mann, Hustrulid, and Tate (41). 
The lowest potential at which ions are formed is 5.6 v. (41), when a very weak 
H" current appears. The current passes through a maximum at 7.1 v. as the 
voltage is increased, and the shape of the current voltage curve is typical of a 
resonance capture process. Presumably the inelavStic collision causes excitation 
to a repulsive (HO — II) level at the noiinal water configuration. Contrary 
to expectal ions based on the known values of the electron affinities of TI and OH,® 
the electron is retained by the hydrogen atom and we may write 

H20(g) + 6 (5.6 v.) H- + OH (m) + 1.1 e.v. 

The excess energy, < 1.1 e.v,, will probably appear as translational energy. 

The next ionization occurs at 12.7 v. according to Smyth and at 13.0 dz 0.2 v. 
according to Mann, Hustrulid, and Tate, and large positive-ion currents of H20^ 
and llziy^ are observed. H 20 ^ is formed by detachment of a 2:r?)i non-bonding 
oxygen electron, and since the H^O^ yield is proportional to the square of the 
partial pressure of water vapor, this latter ion is formed by the secondary bimo- 
lecular reaction,® 

H20(i) + H20(«) HjOc^) -f OH(g) (2n) - 5.2 e.v. + AH for 

+ HjOoo -> 


‘jfc'oH =* 4.81 e.v. (Lederlo (38)), 

Eh 0.70 e.v. (Hyllerass (29)). 

/>h 20 -^h 4 oi! == 2 e.v. (Dwyer and Oldenberg (19)). 

« There is a 1 eal paucily of information about AH for IbO -f- IP — * II 3 O" . For the process 
IP(aq), values range around 260 kg. -eal (Gurney (28) estimates 276 kg. -cal.; 
Latimer (33) gives 258 kg. -cal.), but the proton undoubtedly has more than one water mole- 
cule of hydration. Assuming that the bond energy of ()— H is no weaker in HsO*" than in 
HjO, then Ali < lit) kg. -cal. Juza (30) has estimated tliis proton affinity of water 
as 170 kg. -cal. It seems likely that the reaction ILO^ 4- HjO— -f Oil is at least 
thermoneutral and may be e.xothcrmic, and may therefore be a very facile process. 

• Based on the values 

211(g) -f- 0(g) H20(g) 4* 9.5 e.v. 


and 


Doh-*o+h “ 4.35 e.v. 


See Skinner (59^ and Dwyer and Oldenberg (19). 
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Smyth observed a surge in the H20^ ion current at 16.0 v., but since this is less 
than the next **/vert” value calculated by Mulliken (45), and since Mann, Hus- 
trulid, and Tate were unable to detect this effect, we shall disregard it.® Neg- 
lecting the small amounts of O formed at 18.5 or 18.8 v. and 28.1 v., the next ions 
to be formed in any abundance are and OH“^, which according to the earlier 
investigations appear together at 18.5 v.; but according to Mann et aL only 
appears at 18.7 v. and does not occur until a potential of 19.5 d= 0.2 v. 
is reached. These effects may be due to removal of a bonding electron and the 
existence of two repulsive levels II'*'— OH and HO^ -H lying close together. 
The values of the appearance potentials indicate that the ionization potentials 
of a hydrogen atom and a hydroxyl radical are approximately equal, viz,, 13.6 
e.v., and that when + OH are formed the excess kinetic energy of about a 
volt Ls taken up as kinetic? energy of these products. Traces of Ha*^ and (K 
observed as the potential was raised above 20 v. suggested that reactions such 
as H 2 O — » 2H + 0+ + c; H 2 O H 2 "^ + 0 + e; H 2 O — > H 2 ^ + 0"^ + 2c, could 
occasionalfyl)e brought about with very low efficiency by electron impact. Very 
small amounts of the negative ions OH“, 0"~, and H20~ were also prc3duced. 

For the elucidation of the radiation chemistry of water vapor it is desirable to 
know the relative probability of these reactions at all impact energies. Un- 
fortunately, data are available only for energies of 50 e.v. and 100 e.v. and the 
values relevant to these two energies were carried out by two different investi- 
gators (62 and 41). They are given below: 


Ion 


HO^ 

lU 


0^ 


Associated atom or radical. 
Relative abundance at 50 

— 

H 

OH 1 

1 

OH 

Hs, 2H 1 

0^, 0 

V. (62) . 

Relative abundance at 100 

103 

1 2 X 10* 

2 X 10* 1 

2 X 10* 

20 

i 

1 

1 5 

1 

1 

v. (41). . 


2.3 X 10* ! 

0.5 X 10* 

p 

20 

0.7 

Appearance potential in 
volts (62) 

12.7 

18.9 1 

18.9 

1 12.7 

18.5 

33.5 

Appearance potential in 
volts (41) 

13.0 

18.7 

19.5 

1 

13.8 

1 

fl8.8 

\28.1 

23 db 2 


Two important points in connection with this table are: (a) if the electron loses 
only that amount of energy corresponding to a narrow band, of which the ap- 
pearance potential is the lower limit, all the atoms and radicals given in the table 
will be in ground electronic states but may have excess vibrational or transla- 
tional energy, and (6) the relative yields will alter as the energy of the impact 
electrons is increased. With regard to the second point the results of electron- 
impact experiments on monatomic gases are instructive (see 44 and 8). In 
many cases there is evidence that the cross-section for ionization or electronic 
excitation by inelastic collision rises rapidly from zero at the resonance potential, 
passes through a maximum at a value 3 to 4 times the resonance potential, and 

* Sugden (private communication) has, however, detected this l.P, at 16.0 v. 
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then falls off according to some inverse power law of the electron energy. As- 
suming as a working hypothesis that a similar type of relation holds for mole- 
cules, we would conclude in the case of water vapor that at 50 v. the H 20 ^ yield 
is in the region of its maximum, but that the maxima for HO*” and have not 
been attained. Since a large number of the total ionizations in irradiated mate- 
rial of any kind are due to impac^t ionization by secondary electrons of energies 
of the order of 50 to 100 v., it seems likely that in irradiated water vapor, about 
two-thirds of these se<5ondary ions will be H 20 '^ and a t hird will comprise and 
011'^, the latter probably in excess. ( -oncerning the relative oc.c-urrence of the 
different ions a1 very high electron speeds corn^sponding to the impa(d;S involved 
with tlie initial ionizing particle (a-ray, /3-ray, etc.) resulting in primary ioniza- 
tion, no comments will be made. 

(6) Uncharged atornn ami radicah: Such uncharged dissociation products of 
water formed l)y direct collision with electrons may often be identified by their 
characteristic ultraviolet absoriition or emission spec^tra. It has been estab- 
lished in many investigations (see, for example, 9, 34, 54) that ground state 
(2*S) hydrogen atoms and ground state (^ll) and excited (-w) hydroxyl radicals 
are formed by the passage of ele(*tri(^al discharge through water vapor. ^ The 
reactions may be written: 

}W + fast electron H (2>sn + OH C'^IT) (1) 

lloO 4* fast electron 11 (‘4S) + OH (‘^S) (2) 

Spectroscopic methods are not restricted to detection of umharged entities, and 
it has been suggested by llodebush and Wahl (58) that the emission bands ob- 
served at 35(i4 and 3328 A. in discharges through water vapor may be due to the 
01 H ion. 

Tiittle progress can be made towards calculation of tlie cross-se(rt,ions of the 
water molecules corresponding to each of the processes of ionization and disso- 
ciation for all ranges of electron speeds until much more is known about the po- 
tential-energy curves of the various excited levels of the water molecule and its 
positive ion. However, since all these processes of ionization and dissociation 
are essentially electronic excitation by electron impact, the velocity variation 
will be similar to that for inelastic electron impact with atoms. 

We may summarize the prhnary radiochemical act in water vapor rather 
crudely as follows: Assume that 35 e.v. is the mean value of the energy required 
to create one ion-pair and that only a fraction, say 50 per cent, of the ion ^ ul- 
timately produced arc formed in primary collisions. A small percentage of the 
collisions of the ionizing particle will be elastic, but the majority will be inelastic 
involving either ionization, with formation of H'‘‘ (and OH), OH"^ (and H), 
or excitation probably with dissociations to H (“S) and OH in either the “II or 
the state. The electron ejected in the primary ionization will, on the average, 

» OH radicaltj are detected by the water bands at 3064 A. in emission, and OH (=*11) 
radicals by the same bands in absorption after the discharge has ceased. H atoms (*/S) 
are detected by emission of the Balmer line series after excitation by impact with electrons. 
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possess at least sufficient energy for one further ionization. If the dissociative 
ionizations are about as numerous as those in which only is formed, the 
average energy lost per ionizing collision is about 16 e.v., and 19 e.v. are used to 
excite water molecules. A small fraction of the 19 e.v. will be lost in elastic col- 
lisions. Without knowledge of the potential-energy curves of the various states 
of the water molecule ^^'e cannot be certain about the actual energy requirements 
of the dissociation reactions 1 and 2; hence there is no certainty as to whether 
the dissociating fragments have excess translational energy. If the process is 
one of electronic excitation to purely repulsive levels, some excess translational 
energy will be most probable. In passing we note that for each initial ionization, 
the minimal energy requirements for reactions 1 and 2 would allow two dissocia- 
tions of t5q)e 2 and three dissociations of type 1. The net effect is therefore for- 
mation of atoms and radicals (H, OH (^n and ^)), ions (H20'*“, H"**, OH'+‘), and 
electrons of thermal velocities. The relative efficiencies of all these processes 
Avill vary with the energy of the ionizing particle.^® 

Radicals formed by charge neutralization of ions 

The subsequent fates of these diverse substances is fairly certain. The radicals 
may recombine in pairs by a thre6-body reaction: e.g., 211 + M — > H2 4* M; 
H + OH + M H2O + M; 20 H + M H2()2 + M. Although there is 
considerable doubt about the last-named reaction, the over-all effect is of forma- 
tion of hydrogen, oxygen, and hydrogen peroxide, and it Ls likely that this type 
of reaction affords an important means whereby some of the energy of the radia- 
tion is degraded to thernoial energy. Excited radicals and ions whi(th combine, 
in the spectroscopic sense, with lower states will eitlxer emit radiation (e.g., the 
water bands) or be deactivated. The positive ions H20^, H+, and HO"^ will 
ultimately be discharged by slow electrons or negative ions, processes which are 
discussed below. The H20^ ion may react bimolecularly with a water molecule 
to form the H3O+ ion, and this ion also will ultimately be neutralized. There 
will be some negative ions present, traces of H~, OH““, and possibly 1120”. Al- 
though the electron affinity of water is probably very low, the ion 1120“ may be 
formed by direct bimolecular addition of an electron. Electron swwm experi- 
ments^^ in w^ater vapor suggest that this ion may readily dissociate to form H 
and OH^. 

The discharge of the positive ions H2C>^, HsO^, H^, and 0 H+ may be brought 
about by (i) bimolecular reaction with an electron, (w) reaction i with a third 
body present, and (m) electron transfer from a negative ion in a bimolecular col- 
lision.^* The first process is impossible with monatomic ions and will involve 
the dissociation of the resultant molecule in the other cases. Because of the 

See, for example, Bethe’s discussion of the passage of electrons through atomic hy- 
drogen gas (8, 44). 

For details of the investigation of electron capture by water see Bradbury and Tatel 
(10), Bailey and Duncanson (4), and Loeb (40), 

Radiative capture of electrons is usually a process of very low probability (42) and 
is therefore omitted from consideration. 
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large ionization potential of the hydroxyl radical the II and O atoms formed when 
HO^ is neutralized by this prcxjess wil] have great excess energy. The same con- 
clusion will also apply to the fragments (H + OH) formed by neutralization of 
H 2 O+ and the fragments (presumed to be 2Ii + Oil) formed from HgO^. The 
third body in the ternary processes will most likely be a ^^'ater molecule and, 
since the energy liberated is so large, it is not improbable that some dissociation 
of water may result even in this case. The electron-transfer i^roce.sses will in- 
volve the negative ions H20“, H and OH and in this case also, transfer of an 
electron to a positive ion will release so much energy (ex(;ept, possibly, in the case 
of OH~ as negative ion) that some at least of those prcx^esses will result in the pro- 
duction of dissociation produces of water. The maximum amount of energy 
which can be released by this mechanism on the average is IG e.v. per ion-pair; 
and with the wastage of energy attendant on charge neutralization processes it 
is unlikely that more than two water molecules arc dissofuated in this way. 

3, The fatal number of radicals formed per ion-pair 

The qualitative and empirical nature of the preceding discussion illustrates the 
pressing need for a careful theoretical investigation of the individual processes. 
For the present we shall assume as a basis for furtlu^r discussion that in water 
vapor subject to ionizing radiation about two water molecules are dissociated to 
H (2*S) and OH (^11 or by direct impact with the ionizing particles for each ion- 
pair formed, and that neutralization of the positive ions ultimately results in 
the dissociation of yet another water molecule. 

At this point it is convenient, to consider what othc^r evidence exists to support 
the view that the major part of the radiochemical change in gaseous systems is 
due to direct dissociation by impact rather than due to charge neutralization of 
ions. 

Firstly, there are the theoretical analyses by Eyring, Hirschf elder, and Taylor 
(20) of the effect of a-particles on hydrogen gas and hydrogen bromide. These 
authors concluded that for each ion-pair in hydrogen about six atoms were 
formed, four ma 112*^ and two by direct dissociation. Slightly larger figures are 
given for dissociations of liydrogen bromide and bromine. However, it must be 
pointed out that the number of atoms formed by direct dissociation was taken as 
the difference between (a) the total number of atoms necessary to account for 
the experimentally observed I’ates and M /N values in these reactions (based on 
certain reaction mechanisms, velocity constants, diffusion coeffiinents, etc.) and 
(h) the number of atoms judged on theoretical grounds to be formed via ions. 
It is conceivable that the number of atoms formed via ions was overestimated. A 
most useful test of this point would be to determine the percentage reduction in 
rate when all the ions were discharged (as indicated in the following paragraph). 

Secondly, if the reaction zone is confined between two plates charged to a 
sufficiently high potential for the saturation current to be attained, all ion neu- 
tralization processes will be prevented and any residual radiochemical change 
must be attributed to direct excitation. Smith and Essex (Gl) have carried 
out experiments of this kind on the decomposition of ammonia by a-particles 
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and conclude that only 30 per cent of the reaction is caused by the ions. In this 
case the ionization potential is 11.3 e.v. and the energy required to create one 
ion-pair is 37 e.v. Kolumban and Essex (32) have studied the a-ray-induced 
decomposition of nitrous oxide and found that M/N was only slightly reduced by 
a field giving 50 per cent saturation. Results of this kind are of great interest, 
but may not be entirely conclusive. When ions enter into rapid reactions with 
molecules the ions discharged in this way may not be those formed in the pri- 
mary act. For example, in water vapor the reaction H 2 O+ + H 2 O — > + 

OH occurs very readily and therefore H 2 ()"‘‘ ions formed initially will not l>e dis- 
charged at the cathode. Instead, ions will be removed and in this case 
part of the residual chemical change when a saturation field is applied will still 
be due to ionization. 


T.\nLE 1 

S()7ne comparative data on reactions of various yases 


RADIOCHEMICAI. j PHOTOCHEMICAL 


_ . „ 1 

Ionizing radiation 

M/N 

1 Wave-length j 
' range j 

Quantum 

yield 

! 

Decomposition of Nils 

a 

electrons 

(61) 

(1) 

1.37' 

\.2i\ 

> i 21'4‘) 

1 

(51) 

Decomposition of HI . 

a 

(11) 

(27) 

()+ 

' 1 

- ; 2000-2800 ! 

2 

(49) 

Decomposition of N 2 O . jl 

[ electrons 

(32) 

(24) : 

•1.4 1 
3.9 J 

^ J850-2(MX) ' 

1.3 

(52) 

Decomposition of HjS 

a 

(64) 

2.7 

2080 

1.0 


Decomposition of CO 

a 

(14) . 

.^2 

1295 ! 

1.0 

(48) 

Polymerization of (CN)^ ’ 

a 

(39) 

7.4 

' 2150 

3.0 

(50) 

Oxidation of CO ' 

a 

(39) 

6 f) 

; 1295, 1470 ; 

^•4). 4 

(47) 


Thirdly, if the radicals formed in the radiochemical primary act can be made 
by other means, the extent of reaction caused by each radical may be measured, 
and comparison of this result with the M/N value obtained in the radiochemical 
reaction will indicate the total number of radicals produced wlien the mean 
energy for creation of an ion-pair is absorbed. The most obvious oomparison 
is between M/N and the quantum yield of the corresponding photochemical 
reaction. A number of examples are given in table 1 in which the ionic yield is 
considerably greater than the quantum yield. Unfortunately we still lack any 
evidence of this kind for water vapor. 

/i- Possible kinetic consequences 

The rate of formation of hydrogen atoms and hydroxjd radicals in water vapor 
will be given by 
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=r ^ energy absorption per cubic* (centimeter 

dt (b mean energy absorbed per ion-pair 

= krii 

when R is the dose rate in roentgens sec k is the numlxcr of ion-pairs formed per 
cubic centimeter per roentgen » and r is the number of hydrogen atoms (and 
hence hydroxyl radicals also) formed when the mean energy to create an ion- 
pair is absorbed. From the discussion in 1 he preceding pages, r may be taken as 
between 3 and 4, but it must l)e remembered that the radicals are not uniformly 
distributed. Initially they will be cconccentratc'd along the ionizing particle track 
and, owing to the distance travelled by the secondary electrons before (capture, 
there will be an oxccess of hydi’oxyl radicals along the (center of the track of the 
ionizing particles, and this excccss will be larger the greiiter the ion density, i.e., 
with heavier particles. The radicals will diffuse from the track and in so doing 
will undergo collision with w ater mokncules. The four possible reactions which 
may occcur at these collisions are two exchange reactions 

H + HOH H2() + H; 110 + IhO HoO + OH 

and 


H + H 2 O H 2 + OH - IG kg. -cal.; HO + H,>0 H 2 O 2 + H - 60 kg.-cal. 


1 


The latter two reactions, which would lead to formation of the observed products^ 
rec-iuire too large an activation energy to occur appreciably at room temperature 
If II or OH wore excited, these reactions would occur more easily. However, it 
is know'll that no ex(cited hydrogen atoms are formed and hydrogen peroxide is 
not formed easily in the reaction vessel containing w'ater vapor through which a 
discharge is jiassed. We therefore conclude that the only product-forming reac- 
tions are betwoon like radicals in the three-body collisions: e.g., 211 + M — > Ho + 
M. The reaction betw een unlike radicals, H + OH + H 2 O — > 2 H 2 O, will serve 
only to reduce the ionic yield, and since the measured velocity constant of this 
reaction is so very high (4.9 X 10^’ cc.* molecule*^ scc.“^ = 1.2 X 10^ X ternary 
collision rate (Oldenberg 1939 (54)), in fact larger by a factor of 1.5 X 10® than 
the rate constant of Ho + 2H 2 H 2 , w'c should expect the ionic yield to be less 
than r in value. 

In water vapor at low' pressures it is possible that either II or OH or both may 
diffuse to, and be acisorbed by, the w'all of the reaction vessel. Whether this is 
the case could readily be deduced from the relation of the ionic yield to the dose 
rate. Following well-established methods, it can be shown that if adsorption is 
negligible, the rate of formation of products = krRP, w'here P is the probability 
that in radical encounters in pairs, products and not water are formed. P is 
less than unity and the ionic yield = krP and is independent of the dose rate R, 
If, on the other hand, most of the radicals are removed by adsorption, the reac- 

( krR\^ 

j , where A represents the mean rate constant 
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of diffusion of the radicals to the wall and will decrease with increasing vessel 
dimensions. In this case the ionic yield will increase with the dose rate. Since 
an increase of pressure of the reactants will increase the number of ternary col- 
lisions leading to reaction but decrease the diff usion rate, a corollary to the above 
conclusions is that the ion-pair yield in a given vessel should be independent .of 
the dose rate at high pressures and proportional to dose rate at low pressures. 
At constant dose rate the ionic ^deld should increase with pressure. Existing 
data on the radiation chemistry of water vapor are unfortunately too scanty to 
permit a decision as to ^^hpther adsorption is an important factor or not in this 
system. 

B. EFFECT OF IONIZING RADIATIONS ON LIQUID W.ATER AND AQUEOUS 

SOLUTIONS 

Much has already been written on this subject^® and what follows is merely 
intended to draw attention to important matters the investigation of which would 
appear likely to yield fruitful results. 

The obvious difference between vapor and liquid water is the close approach 
of the water molecules and the tendency to a (luasi-regular structure based on 
hydrogen bonding. This difference has several important consequences. In 
the first place, assuming that the mechanism of energy dissipation of a rapidly 
moving charged particle is essentially similar to that in the vapor phase, the ion 
density (number of ions per micron path) will be much greater in the liquid. 
Secondly, any ions formed may become hydrated and thq hydration energy is 
likely to be higher than the energ}’’ released w hen the same ion becomes attached 
to one water molecule in the gas phase. This is a factor modifying the stability 
of any ions formed and their likelihood of being transformed into radicals. 
Thirdly, the much low'er mean intermolecular separation implies a lower diffusion 
rate away from the ion tracks and a much higlier probability of recombination of 
radicals, owing to the omnipresence of water molecules to act as third bodies, and 
also the possibility of immediate recombination by the Franck-Rabinowitch 
mechanism (21) of radicals formed from the same water molecule by impact dis- 
sociation. Finally, the lifetime of any excited species would be much shorter 
than in the vapor. It is convenient to consider these effects in relation to (i) 
the nature, number, and spatial distribution of the radicals formed and (w) 
various possible types of kinetic behavior. 

1. The midral apedes formed in liquid waler 

Although there is no direct evidence available, a plausible assumption is that 
the possible ions and neutral entities formed by absorption of the radiation are 
those which are formed in the vapor; i.e., H20^, HO+ and in quantity, and 
traces of 0+ and some negative ions and H {^S), OH (^U), and OH (^). We have 
no knowledge of the relative yields of these substances, or of the energy required 
to produce them, which may be slightly different from the energy required in 

For reviews see Allsopp (2), Lea (37), Burton (12), Dainton and Miller (16), and Weiss 
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the vapor phase. Most of them will be formed in close proximity to one another 
along the main track or secondary tracks, whilst the associated electrons will 
spread a considerable distance from the track before being captured. The first 
question which arises is whether the H atoms and OH radicals formed by disso- 
ciation have an appreciable lifetime. They are formed within the solvent cage 
and for this reason are sometimes considered as largely recombining, only a small 
fraction escaping and becoming available for reaction, either with another of its 
own kind or with the solute. However, the arguments presented in Section II, 
A,1 (page 493) indicate that some, at least, of the dissociations result in excited 
atoms and radicals being formed, which as such may escape from the solvent 
sheath by reaction with it; e.g., see the reactions in Section II,A,4. Such 
types of reactions are not new, but have been postulated to account for the de- 
velopment of unsaturation in paraffin solvents containing ketones which are de- 
composing photochemically into radicals (46). It would be particularly interest- 
ing to know whether water does enter into exchange reactions with H and OH 
radicals. As far as we are aware there have been no observations reported of 
light emission from irradiated water, but also no search for this phenomenon 
has been made. The results of a direct test for excited (“S) OH radicals are 
therefore not available. In default of this information we can only comment 
that the deactivation probability is likely to be much higher in the licpiid state 
than in the vapor at low pressures. In this connection it; is of interest to note 
that Oldenberg (54 (1938)) has found the radiative lifetime of excited OH 
to be unusually high, viz.y 4 X 10“^ sec. H and OH are also produced in the ion- 
ization process in which 110+ and 11+, respectively, are formed. These radicals 
will not be formed in the same solvent cage; hence the pi*inciples discussed by 
Franck and Rabinowitch do not apply. The recombination of these species 
will be governed by whatever laws control collision frequencies in solution, it 
being remembered that locally their concentrations may be quite high. The 
positive ions H*^, OH+, and H 2 O+, even if formed “bare”, will not remain so and 
the following hydration processes will probably occur readily 

n+ H+aq + -- 2G0 kg.-cal. 

II()+ H(_)+aq + ? kg.-cal. 

H 2 O+ H+aq + OH + 150 kg.-cal. 

The last of these reactions will augment the hydroxyl-radi(^al concentration in 
or near the track. The chances of capture of the slow elect rons may be con- 
siderably higher in water than in vapor, owing to the large number of water mole- 
cules present which may form H 2 ()” and the appreciable number of hydrions 
which may serve as acceptors for some of the electrons by 

H+aq + C Ilaq + 50 kg.-Cal. 


The reaction of hydroxyl with water is being investigated in this laboratory by a study 
of the photolysis of in It can be shown that if 1 ho evolved oxygen is enriched 

in the O** isotope the reaction 4* HO^®H 4* 0^*11 is occurring. 
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^ether all the electrons can be removed in this way will depend on the con- 
centration of electrons and hence on the ion density of the track. It may he that 
with light particles all the electrons are so removed, whereas with a-^rticles 
only a small fraction undergoes this reaction. In the latter case some of the elec- 
trons may be captured by the positive ions which have diffused from the column, 
since they will also be in excess over the hydroxide ions whidx are present in the 
water and which would neutralize some of the poffltive ions by charge transfer. 

The position may be summarized as follows: Assuming the same kind of pri- 
mary radiochemical processes to occur in liquid water as in the vapor, hydn^en 
atcHns and hydroxyl radicals are again the ultimate particles formed, but the 
number of excited and ground-state radicals diffusing freely and separately 
throu^ the medium is likely to be reduced, owing to the much closer approach of 
the water molecules which favors deactivation of excited species and recombina- 
tion of H and OH formed by direct dissociation of the same water molecule. The 
same dense packing of the water molecules implies much higher local concentra- 
tions of radicals than exists in the vapor for the same radiation, and as the ion 
density along the track increases, so also does the hydroxyl-radical concentration 
increase along the center of the track, whilst the reverse is true along the peri- 
phery. 


2. Possible kinetic consequences 

Several calculations have been made recently (35, 36) of the spatial distribu- 
tion of the radicals and some results are quoted on page 491. In the opinion of 
the present writer some of the assumptions on which these are made are unjusti- 
fied; the available data do not warrant detailed calculations but only permit a 
qualitative picture of the events, and the prime task at present is to develop some 
unambiguous experimental method for identifying and counting the radicals which 
are formed. An attempt to achieve this aim is described in the experimental 
section. For the present we shall mention briefly the kinetic consequences 
which are possible in the system outlined in the previous paragraph. 

(o) Pure water: Destruction of radicals by adsorption at the vessel wall will be 
quite imimportant and the ionic yield will be independent of the dose rate, for the 
same reasons which hold in water vapor. If recombination of H -f OH —*■ 
HsO is occurring to an appreciably greater extent in the liquid, then for a ^ven 
radiation we would expect (M/N) gas to exceed (M/N) liquid. Opposing this 
effect will be the relatively greater frequency of collision of radicals of the same 
kind (2H or 20H) compared with those between dissimilar radicals (H -f OH) 
in liquid water, owing to the high local concentrations of radicals in which one or 
the other is in excess. The experiments of Duane and Scheuer (18) indicate that 
for a-rays (M/N) gas < (M/N) liquid and we therefore conclude that with 
a-rays the latter effect predominates. With x-rays and y-rays the ion density 
is much less, the mixing of the H and OH radicals is much more marked, and we 
should expect {M/N)x.e.y < {M/N)a.p.d for liquid water, and possibly to be less 
than (M/N)x.e.y for water vapor. From the data in the literature there are some 
indications that this may be the case; in fact, for a considerable period (22, 57) 
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it was considered doubtful whether pure water was decomposed by x-rays at all. 
In those experiments in which decomposition was detected (25, 31), the ionic yield 
was undoubtedly very low, certainly lower than the value obtained by Gunther 
and Holzapfel (26) using x-rays on water vapor in the presence of excess xenon. 
The possibility of a radiation-induced back-reaction existing and thus account- 
ing for the low yield must not be overlooked. 

(5) DiltUe <mueoii8 Bolviiom: In dilute aqueous solutions most of the radiation 
is absorbed by the solvent, and any changes in the solute can be interpreted (26) 
by assuming that it reacts with either the hydrogen atoms or the hydroxyl rad- 
icals or both. Certain aspects of the kinetics of such indirect actions have been 
frequently discussed, in particular, the change of ionic yield mth. dilution for 
a-particles and x-rays. We are more interested in the relation between ion-pair 
yields and dose rate, but shall include the other matters for the sake of com- 
pleteness. 

In all cases of indirect action it is sufficient to presume that at a simple bi- 
molecular collision between a solute molecule and H or OH there is a probability 
of removal of the radical and of changing the solute.^^ Radicals will also be re- 
combining, but kinetically it is of the greatest importance to distinguish three 
kinds of recombination: (1) The Franck-Rabinowitch type, in which the H and 
OH units may not escape from their common solvent cell and hence never behave 
as separate entities or encounter a solute molecule. The result of this type of 
recombination is merely to reduce the fraction of those radicals which are ini- 
tially formed which are available for reaction, i.e., capable of separate existence. 
{£) The second type is recombination in pairs after escape from the solvent 
*'ceir*, i.e., after a finite period of separate and distinct existence. This may 
effectively prevent radicals from reacting with the solute, and will occur at a rate 
proportional to the square of the concentration, and may lead to liberation of 
hydrogen and oxygen and formation of hydrogen peroxide, or merely to reforma- 
tion of water. {3) Type 3 is merely a special case of type 2, in which the solute 
reacts exclusively (or preferentially) with either H or OH. The excess of the 
other radicals, OH or H, respectively, have then no possible fate but to recom- 
bine and liberate hydrogen in the case of a reducing solute and O 2 + H 2 O 2 in 
the case of an oxidizing solute. 

We may include all these types of behavior in the simple equation: 

= fcr'fl - kinS - (1) 

d/> 

where R is the dose rate in roentgens sec.^S k is the number of ion-pairs created 
per cubic centimeter when 1 roentgen is absorbed, r' is the net number of radicals 
formed per ion-pair and capable of a separate existence (i.e., r' == total number of 
radicals formed, less those which will undergo recombination of type 1), k\ is the 
velocity constant for removal of radicals by reaction with the solute and is in 

These two probabilities are usually the same but not necessarily so; e.g., in the in- 
activation of enzymes (Dale et ol,) it is possible that several encounters, each involving 
destruction of a radical, are necessary before the enzyme molecule is inactivated. 
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cc. radicaH stScr' units, ka is the velocity constant for recombination of type 2, 
and S is the solute concentration in molecules per cubic centimeter. Whereas 
(S is uniform throughout the system, n, the number of radicals per cubic centi- 
meter, is never so. The kinds and degrees of non-uniformity have been dis- 
cussed and should be borne in mind, in considering equation 1, which, for this 
reason and because fci and fcj probably have different values for H and OH, is 
only useful in qualitative discussions. Suppose P is the probability that when a 
radical is removed by reaction with the solute, the solute molecule is chemically 
changed. The rate of chemical reaction is kinSP and if this attains a steady 
value for a ^ven solute concentration, then n, the “concentration” of radicals, 
also attains a steady value and the variation of n with the dose rate R, solute con- 
centration, and type of radiation (which by determining the spatial variation of 
n will profoundly effect ka) will be obtained by putting dn/d< = 0. We must 
recognize several M/N values, according as they refer to change of solute or pro- 
duction of Hj or Oj + HjOs, and whether M/N is defined as the reaction rate 
divided by the rate of formation of ion pairs at any instant” or as the gross 
change divided by the total number of ion-pairs formed during a considerable 
period of time.” It is now possible to distinguish several different kinetic situa- 
tions. 

1. All the available radicals react with the solute, which is therefore neither a 
reducing nor an oxidizing agent, and which is either in great excess or ki is large, 
i.e., ka'n? < < kinS. The instantaneous ionic yield with respect to solute = 
kiuSP/kB = r'P and is independent of dose rate and solute concentration. 
The reaction rate = krPR-, hence the integral ionic yield is also independent of 
S. No side products, H* or O 2 , are formed; hence the ionic yield of this process 
is zero. 

2. At very low concentrations of solute, particularly of such substances which 
do not react readily with either H or OH, the situation may arise that kan > kiS, 
in which case the instantaneous ionic yield with respect to the solute will be given 
by 

k,nSPm^k,Sp{^y 

i.e., (M/N)i„,t„ntanoou. Will decrease with concentration of solute and with in- 
crease of dose rate. 

3. When the solute reacts preferentially with either H or OH, side products are 
formed either by being merely in excess or by reacting with one another at a rate 
which effectively competes with their removal by reaction with solute. In the 
former case the M/N values will be the same as the value with respect to the 
solute, but in the latter the relation is more complex. 

The difference between the effects caused by “light” and “heavy” particle 
radiation is readily seen. With x-, 7-, and jS-rays the concentrations of H and OH 
within the tracks are lower and more evenly distributed than with a-, p-, or d- 
rays, where the radicals are in much greater local concentration and where there 

We shall refer to this as the instantaneous M/N value. 

We shall refer to this as the integral or gross M/N value. 
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are local predominances of one or other radical. In this latter case the fraction 
of the available radicals which recombine may well be higher than in the former, 
i.e., k 2 is larger for heavy-particle beams than for x-, 7 -, and jS-rays, The expec- 
tation is therefore that the concentration at which the ionic yield becomes de- 
pendent on solute concentration and dose rate will be smaller for x-rays than for, 
say, of-rays. Correspondingly, if r' is the same for x- and 7 -rays there will be a 
region of concentration for which the ionic yield with respect to the solute will be 
larger for x-rays than for a-rays at the same dose rate. The only clear evidence 
in support of this view seems to be the work of Gray, Dale, and Meredith,^** who 
found that in the inactivation of carboxypeptidase, the ionic yield for x-rays, 
though small, was yet much larger than the value for a-rays; e.g., at a concentra- 
tion of 5 X 10 ~® M, {M/N)a = 0.08 X (M/N)x. These authors also point out 
that if, with heavy-particle beams, the hydroxyl-radical concentration along the 
center of the particle track is much higher than the hydrogen-atom concentration 
spread over the whole of the track, then a reducing solute will show a dependence 
of M/N on concentration different from an oxidizing solute even though they 
react with their respective radicals with equal readiness. 

III. Experimental: Detection and Estimation of “Available’’ 
Radicals by Induced Polymerization of Water-soluble 
Vinyl Compounds 

a. introditctory: problem and method of attack 

The discussion in the preceding pages indicates that a pressing need in the 
study of the radiation chemistry of water is knowledge of the number, dis- 
tribution, and type (suspected to be H atoms and OH radicals) of radicals avail- 
able for reaction uiien a given dose of radiation of any kind is applied. The 
maximum number per cubic centimeter in time t 

= kr' flidt 

(see page 503), i.e., if none are lost by recombination. To ensure this latter 
condition it is essential that kis > A’ 2 n (equation 1, page 503), and in order to 
minimize direct action on any solute, S should be as small as possible. It is 
therefore necessary to choose a solute which reacts very rapidly with either H or 
OH or both; i.e., keep ki large. If these conditions are satisfied the rate of dis- 
appearance of solute = kr'RP and M/N = r'P; hence if P is known, At' can 
be found. It is also essential that the substrate react with uncharged water 
fragments only, and not with H+, OH~, free electrons, or positive ions such as 
H 20 ^, etc. In order to identify these uncharged radicals the nature of their 
reaction with the selected solute should either be thoroughly known or readily 
capable of thorough investigation from studies of non-radiochcmical systems. 

These conditions are most likely to be satisfied by a reaction of solute and 
radical which does not involve a transfer of charge between the two, and sug- 
gests a non-ionic solute capable of adding H or OH. Such an addition reaction 


Private communication. 
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also raises the possibility of identifying the H or OH added to the sdute by some 
modem refined method of analysis. If either H w OH can be so identified, the 
other fragment must also have been formed by the action of the radiatimi. A 
further feature of practical importance in studying the kinetics is that the change 
shall be readily followed; and to obtain reaction times cS reasonable length with 
the sources of radiation available a reaction is to be primed for which it would 
be likely that the ionic yield would be much greater than unity. 

It seemed that such niunerous and ccanplicated requirements would most 
nem-ly be met by using some water-soluble vinyl ccanpound, stable to hi^ acid 
and alkali concentration, but likely to be poljnmerised to some insoluble product 
by the free-radical rather than the ionic mechanism. Such a solute would be 
likely to contain an electronegative substituent such as COOCHs, COOH, CN, 
etc. Fortunately the recent work of Evans, Baxendale, and others (5, 6, 7) 
in which the polymerization in water of a number of these compounds was 
initiated by hydroxyl radicals generated by the reaction 

Fe++., -I- HA«. - Fe+++«, + OH;^ + OH., 

provides a basis for selection of a suitable monomer. The monomer selected 
from amongst those studied by these workers was acrylonitrile (CH?=CHCN), 
and was chosen because aqueous solutions of this substance were found not to 
absorb light of wave lengths greater than 2300 A., and it was hoped to initiate 
the polymerization by the hydroxyl radicals formed in the photolysis of hydro^n 
peroxide in aqueous solutions, the absorption of which begins at 3700 A. and ex- 
tends to sliorter wave lengths. This reaction, namely, 

HjOj hv — > 20H 

is to be preferred to the Fe+^-HjOj system as a source of hydroxyl radicals be- 
cause of its simplicity and much lower temperature coefficient. Acrylonitrile 
proved to be satisfactory in almost all respects; however, polyacrylonitrile was 
found to be relatively insoluble in many of the common solvents such as acetone, 
benzene, chloroform, and carbon tetrachloride and only sduble in specially 
highly polar solvents such as dimethyl formamide and succincmitrile, which did 
not have the volatility desired for making thin films of polymer for infrared 
spectra determinations. Polymethacrylonitrile was readily soluble in acetone, 
in which its molecular weight could be determined and from solutions in which 
even films could be fairly easily deposited. Both mtriles were stable in air-free 
aqueous sdutions of high and low pH (0.5 N sulfuric acid or sodium hydroxide) 
for indefinite periods, and both were therefore used in the experiments described 
below. 


B. exferimbntaij methods 
1. Preparation of materials 

The nitriles were supplied by the National Research Council of Canada 
(acrylonitrile) and I.C.I. (methylacrylonitrile) and were distilled in vacua before 
use. It has not yet been possible to free methacrylonitrile mcmomers entirely 
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from water, and tlic OH infrared absorption band at 2.7 is always pre^sent, how- 
ever slightly, in the monomer and also in Hie polymer formed by (he thermal- or 
benzoyl peroxide-catalyzed polymerization of such monomer samples. It is 
hopenl finally to remove these traces by distillation of the monomei* from dehy- 
drating agents. The boiling points at 7()0 mm. of the samples used weie: acrylo- 
nitiile, 78. 2W; methacrylonitrile, tK)°C\ The ferrous sulfate used was of the 
Analar brand. The hydrogen peroxide, ex Laporte and guaranteed free from 
stabilizer, was dissolved in distilled water and standardized by the usual methods 
be! ore use. ^Fhe deaerated pure water for the radiochemical expe]*iments was 
prepared from distilled water by distillation twice from permanganate, then 
twice from alkaline manganous sulfate solution in a stream of oxygen-free nitro- 
gen, and was finally run into the nitrogen-filled reaction vessel by means of an 
apparatus designed to (exclude air at all .stages. 

2, Sources 

The 7 -ray sources used were (iOO-mc. radium samples and were enclosed in a 
platinum cylinder. The x-ray source was a CbPlC. Maximar Deep X-ray Ther- 
apy Tnit, continuous rating 15 ma. at 220 kv., made available in Addenlirooke’s 
hospital by the courtesy of Professor J. S. Mitchell. The mercury- vapor lamp 
was a vertical hot lamp operated at 150 v. and 2.2 amp. 

3. Procedure 

(a) y-Iiay reaction: A glass reaction cell (see figui’e 1) of 20 ml. capacity and 
with a central cavity into which the radiation source could be closely fitted was 
filled with monomer .solution of known strength. The radium cap.su le source 
was placed in the cavity for allotted time intervals, and the insoluble polymer 
formed was separated by filtering through close-mesh sintered glass, or by (‘en- 
trifuging. In the (luantitive work with acrylonitrile the precipitated polymer 
was washed with methanol and dried at 70'^(\ to constant weight. The work 
with 7 -rays has so far been n».stricted to acrylonitrile. 

(5) X-ray work: A (piartz reaction vessel, normally used for photochemical 
w^irk, consi.sting of a flat cylinder 2 cm. deep and having plane ends of diameter 7 
cm., contained the monomer solution, and was hold horizontally at the pre- 
determined distance (4 cm.) from the aluminum filter of the ]\Iaximar set, from 
which the I -mm. copper filter had been removed. To avoid overheat ing, irradia- 
tion for longer than 30 min. W 7 is intermittent, 30-min. irradiation pericxls alter- 
nating with 5-min. cooling periods. The polymer was separated as d(*scribed 
above. When preparing specimens for infrared spectroscopic examination very 
great [lains were taken to remove water. The polymer was always w'ashed sev- 
eral times with a volatile non-hydroxyl -containing solvent, then transferred to a 
w^arm (50°C\) watch glass, pi*essed with a warm agate pestle to a thin layer and 
successively heated in an oven for 30 min. at 50‘^(\, ground, and placed in a desic- 
cator connected to the vacuum line. Constant weight was achieved after the 
first series of such operations, but the secpience was repeated three times and the 
final sample, by then in the form of a fine pow’der, was left in a high-vacuum 
desiccator until required, a period never less than several days. 
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(c) Photochemical work: A quartz reaction vessel, of similar dimensions to that 
described in the preceding paragraph and containing the hydrogen peroxide- 
monomer solution, was held vertically in a water thermostat made of copper with 
quartz windoA\^s and mounted on the same optical bench as the mercury lamp, a 
quartz lens, iris diaphragm, and 1.5-mm. thick Pyi‘ex-glass filter which traas- 
mitted XX > 2900 A. The polymer was separated and dried in the manner 
already described. 



Fig. 1. 0.273 M acryloiiitrilo in deaerated pure \vat(‘r. Left: eontrnl, unirradiated; 
photographed after 11 days; no turbidity even after 20 days v hen central cavity was (*rnpty 
Right: After 20 hr. exposure fi^)m 600 me. radium placed in central cavity; noti' flocculent 
suspension of polymer. 

(d) Other meamremenis: It had been hoped to measure the unchanged mono- 
mer still remaining in the solution after irradiation, as a check on the abseiKu^ of 
any processes other than polymerization. No progress has yet been made by 
chemical means in this direction, largely owing to the fact that acrylonitrile, at 
any rate, does not appear to add halogens smoothly and is somewhat prone to 
undergo substitution as well. All measurements except ultraviolet spectra de- 
terminations have therefore been confined to the final polymers. 

The ultraviolet ahsorytion spectrum of the monomer solutions was obtained in 
the usual way at concentrations 0.2 to 0.3 M, path length 1-50 mm., and ex- 
posure times l‘-4 min., using a Hilger E315 Spectrometer with a hydrogen lamp 
source. 

Analyses for carbon, hydrogen, and nitrogen were carried out- by Weiler and 
Strauss, Oxford. 

Infrared spectra were measured in collaboration with Dr. 1). A. Ramsay and 
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Dr. G. B. B. M. Sutherland in the Department of Colloid Science, using the Hil- 
ger D209 infrared double-beam spectrometer with automatic recording. Earlier 
some thirty runs were made with a single-beam instrument, but in this case, ab- 
sorption by atmospheric water vapor was a considerable embarrassment. Acryl- 
onitrile polymers were difficult to examine satisfactorily because attempts to 
prepare a thin film of this material failed; samples of the polymer were therefore 
ground into a paste in dry nujol and the paste held between^rock salt plates. 
Under these conditions there was a considerable loss of energy due to scattering 
and no measurements of the concentration and absorption-path lengths were 
possible. Polymethacrylonitrile films could be made quite readily by deposition 
from acetone solution onto a clean mercury surface, according to a technique de- 
veloped by Dr. Ramsay. None of these films was wholly transparent and some 
energy was lost by scattering. 

Molecvlar-weight determinations are still highly undeveloped. Some few 
measurements were made viscometrically with the usual type of apparatus on 
unfractionated polymers. In applying the Staudinger equation the basic con- 
stant {k') was taken as 10“^ for a linear vinyl polymer, using the formula 

= k’xM 

where M is the molecular weight, x is the number of units in the chain of the sub- 
molecule (~ 2), and c is the concentration in sub-molecules per liter. 

Dosage rates were calculated by the usual methods. The x-ray dose rates were 
obtained from direct calibrations of the output of the machines used. 

Traces of ferric ion were estimated colorimetrically with 7-iodo-8-hydroxy- 
quinoline-5-sulfonic acid, according to the methods recommended by the staff 
of Hopkins and Williams, Ltd.^® 


C. RESULTS 

The principal results obtained to date are summarized in the following para- 
graphs. It must be remembered that they all refer to preliminary work and are 
more an indication of the detailed program to be carried out than of work accom- 
plished for which finality is claimed. 

1. The hydrogen peroxide-photosensitized polymerization of aerylonitrile and 

’ melhacrylonitrile 

Aqueous solutions of both nitriles do not absorb light of wave lengths greater 
than 2300 A. and are quite stable when exposed either to light X > 3(XX) A. or 
to the full li{^t of a mercury arc. If the solution also contains dissolved hydro- 
gen peroxide free from stabilizer, illumination with these wave lengths causes 
polymerization of the nitrile, which is detected by precipitation of the polymer. 
The onset of polymerization is marked by the appearance of turbidity in the 
solution and this turbidity does not become apparent until the reactant mixture 

Organic Reagents for Metals, p. 79. Hopkins and Williams Ltd. (1938). 
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has been illuminated for some time. This induction period appears to be in- 
creased by a decrease of the incident light intensity or the hydrogen peroxide 
concentration, but no detailed measurements have been made. The suspensions 
of the polymer in water seem to show a greenish-yellow fluorescence in ultra- 
violet light. All the polymers made in this way were of lower molecular weight 
than the x-ray polymers made from monomer solution of the same strength. 
The infrared ateorption spectra of the polymers prepared photochemically 
showed clearly the presence of CH, CN, and OH groups. It was also notable 
that the ratio of the intensities of the OH to CH or CN bands was higher with 
the “photochemicaP’ polymer than with the ‘‘radio*’ polymers, in keeping with 
the shorter chain lengths of the former.^ In all the experiments carried out 
hitherto the initial monomer concentration exceeded 0.1 M and no oxygen 
evolution was detected. Nevertheless, there was always a slight but measurable 
decrease in hydrogen peroxide concentration, and it is of interest that, in three 
experiments in which the change in hydrogen peroxide concentration was care- 
fully determined, the weight of polymer formed divided by the number of hydro- 
gen peroxide molecules destroyed was of the same order as the mean molecular 
weight. The protocol of a single experiment illustrates most of these points: 

Run G Polymer 6\ (CH 2 =CHCN); X > 3000 A. from mercury arc 
(150 V., 2.1 amp.); T = 26°C. 

(H 2 O 2 ) initially * 0.1047 M (mOo - 0.247 M 

(H 2 O 2 ) finally = 0.1042 M (mi)f = not determined 

Weight of dry polymer = 0.4270 g.l therefore percentage .polymeriza- 

Volume of solution = 80 cc. J tion = 40.8 

Induction period = 50 =t5 min. 

Total irradiation = 4.17 hr. 

Remarks: 

No gas evolution; asual greenish yellow color of suspended polymer; left from 
February 28 to March 4 in vacuum desiccator. 


Analysis: 



c 

H 

N 

Total 


per cent 

per cent 

per cent 


Calculated for CjHsN 

67,9 

5.66 

26.4 


Found 

67.4 

5.7 

26.1 

97.2 


Note: Deficit due to OH? 

Infrared spectrum: 

Ground ^to nujol. Detected CN (4.4-4.5 m), unbonded OH (2.7^), and a 
little broad diffuse absorption up to 3 m due to bonded OH. Nujol CH masked 
adsorption at 3.4 p. Considerable scatter. 

Molecular weight (M): 

Of the order 6000. 

In some cases appreciable hydrogen bonding was detected. 



EFFECTS OF IONIZING RADIATION ON SOLUTIONS 


511 


Calculations: 

Moles H 2 OS destroyed = 4 X 10“* 

Number of moles of monomer removed per HjOj removed (P) = 

0.4270 

WxA X 10-^ ^ ^ 


Note: 

For the same irradiation time, pure hydrogen peroxide (0.1047 M) illuminated 
under the same conditions evolved about 10 cc. of oxygen, i.e., equivalent to 
90 X lO”® moles of hydrogen peroxide destroyed. Final concentration of 
hydrogen peroxide = 0.0950 M. 

The X- and y-ray-indvced polymerization of acrylonitrile and methacrylonitrile 

in dilute aqueom solution 

These reactions are remarkably similar to. the photochemical reactions de- 
scribed under Section I1I,C,1. An induction period, which is increased by de- 
crease of dose rate or monomer concentration is observed, no gas appears to be 

TABLE 2 


Polymerization of acrylonitrile induced by gamma rays 


i 

SOUXCE STSENCTU 

MEAN DOSE 

EATE j 

Im] 

1 

100 dfmi] 
[mx] ‘ dt 

SECOND-OEDEE 
CONSTANT X 10^ 

INDUCTION 

PERIOD 

millicuries 

r/min. 

M 

hrri 

mole”^ secr^ 

hours 

600 

40 

0.209 

4.05 

5.4 

3.7 

600 

40 

0.1045 

1.95 

5.2 

8 ±0.4 

600 

40 

0.0522 

1.07 

5.7 

19 ±1 

600 

40 

0.178 

3.49 

5.45 

3.4 

1200 

80 

0.178 

3.7 

5.8 

1,95 


evolved, and the OH group vibration frequency is apparent in the infrared ab- 
sorption spectra of the dry polymers. The major differences between the radio 
polymers and the photochemical polymers which have been prepared so far is 
the higher molecular weight and lower OH/CH absorption intensity ratio of the 
former. Two other observations of importance are (a) that the ionic yield when 
measured was found to be considerably smaller than the weight-average degree 
of polymerization and (b) that an equimolar concentration of ferrous sulfate only 
slightly retards the polymerization and is itself oxidized in the process.’^ 

The kinetics of the y-ray-induced polymerization of acrylonitrile in dilute 
aqueous solution have been described (15), and are summarized in table 2 
and in figures 2 and 3. The reaction is second order with respect to monomer 
concentration and the rate appears to be independent of source strength. The 
ion-pair yield is 10^ for the GOO-mc. source at the highest concentration used and 

The ratio of rate of oxidation of and initiation of polymerbation suggests that 
Fe^ is less than a tenth as efficient as monomer in reacting with the radicals produced by 
the action of x-rays on water. 




Fig. 2. Polymerization of acrylonitrile in dilute aqueous solution at 20®C. Source: 
600 me. radium in platinum cylinder. Radiation: -y-rays from 0.2406 to 1.761 m.e.v. ; 3.6 

X 10* quanta cm.~* sec.“^ at 1 cm. 



Fio. 8. Polymerization of acrylonitrile in dilute aqueous solution at 20^0. Effect of 
source strength. 

— 0 — 0.178 1200 me. radium; 1: — 5.8 db 0.3 liters mole“‘ sec.*^^ 

— 0— 0.178 M; 600 me. radium; k ^ 6.6 ± 0.2 liters mole"^^ sec.~» 

- - - 0.209 AT; 600 me. radium; k »»« 5.4 =b 0.15 liters mole~^ sec.~* 
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varies inversely with the dose rate. The induction period is shortened by in- 
crease of monomer concentration or increase of dose rate. 

IV. Discussion 

The experimental results outlined in the preceding sections permit certain 
tentative conclusions and indicate how further quantitative work along these 
lines may lead to an estimate of the kind, number, and spatial distribution of the 
number of radicals available for reaction, i.e., the value of r' defined on page 503. 
The conclusions may be stated. 

A. NATURE OF THE RADICALS 

The presence of OH in the “radio’’ polymer is strongly supported by the 
similarity of the hydrogen peroxide photosensitized reaction to the radiochemical 
reaction. In the photochemical reaction no decomposition of the hydrogen 
peroxide to oxygen was detected, and it is concluded that under the conditions 
of the photochemical experiments all the hydrox>l radicals, which are known to 
be the only products of the primary act (13), are incorporated in the final polymer 
by virtue of the part they play in initiating, and possibly also in terminating, 
polymerization chains. In passing we note that measurements of OH/CH 
infrared absorption intensities on “photo” polymers of known molecular weight 
containing a number of hydroxyl radicals determined from the fall in hydrogen 
peroxide concentration during reaction offer the possibility of calibrating the in- 
frared method and hence counting the OH radicals per molecule by this method. 
This possibility will be explored, since such a method might be applied to give an 
absolute measure of the OH radicals formed for a given dose in the radiochemical 
reaction. Less substantial confirmatory evidence is provided by the fact that 
the presence of ferrous sulfate in amounts equal to the monomer concentration 
caused a sli^t retardation of the x-ray-induced polymerization of the metha- 
crylonitrile. Ferrous ions are known to be oxidized by hydroxyl radicals ac- 
cording to the reaction 

+ OH«^ Fet^^ + OH;;;, 

and hence should be effective competitors of tlie methacrylonitrile molecules for 
hydroxyl radicals. In agreement with this expectation, traces of 

ivere found in a solution after irradiation, but the ionic yield of was 
of the order of 0.2, which is smaller by a factor of at least 10 than the ionic yield^® 
for this reaction in the absence of any other solute. We conclude that ferrous 
ions are less reactive to hydroxyl radicals than methacrylonitrile.^^ 

If hydroxyl radicals are formed by the action of radiation on water, then hy- 
drogen atoms must be formed in equal amounts. No gas evolution was de- 
tected in any of the experiments, although with doses larger than 10® roentgens 

** Fricke and Hart (23) give M/N -» 3 for oxidation of ferrous sulfate by x-rays. 

” See table III in reference 7, where a similar result in the competition between ferrous 
ions and methyl acrylate for OH radicals is apparent. 
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on 80 cc. ci solution some would have been expected, and it must be presumed 
that these atoms do not recombine but react with monomer molecules, thereby 
initiating polsTnerization. Initiation of the polymerization of vinyl compounds 
in the gas phase by hydrogen atoms is well established (see, for example, 43). 

We conclude that the primary radiochemical act in water can be written 

X or 7 

H,0(,) — ^ H., + OH., 

B. NUMBER OF RADICAlfi AVAILABLE FOR REACTION (r') 

The study of the radiochemically induced polymerization of vinyl compounds 
may be used to count the number of radicals available for reaction when the mean 
energy for creation of an ion-pair is absorbed, by several distinct methods. 
Firstly, irrespective of the mode of termination of the chains, each completed 
polymer molecule will, in its production, have caused the destruction of two 
radicals: either 2H, 20H, or H and OH. Knowledge of the molecular-size dis- 
tribution curves and total weight of pol 5 Tner formed for a ^ven radiation dose 
will permit the calculation of the total number of polymer molecules formed. 
Hence, if no radicals are lost by recombination (the form of the dependence of 
M/N on the dose rate will reveal whether this is true or not), and if there are no 
side reactions, the total number of radicals formed will be twice the number of 
polymer molecules formed. Secondly, the rate of polymerization measured as 
rate of disappearance of monomer will be an experimentally ascertainable func- 
tion of the rate of production of radicals and the velocity constants for initiation, 
propagation, and termination processes of the poljonerization reaction. The 
values of these latter constants may be measured by studying non-radiochemical 
polymerizations of the same monomer, e.g., the polymerization photosensitized 
by hydrogen peroxide. Hence the rate of production of radicals associated with 
a given dose rate can be determined and r' calculated. Thirdly, it may be 
possible to make tlie infrared analytical method quantitative for the estimation 
of OH groups in the final polymer and so provide a useful supplement to the first 
method. 

None of these methods have been applied as yet in the form described above, 
but it is perhaps not without significance that whereas in the photochemical 
polymerization of methacrylonitrile in hydrogen peroxide solution in the one case 
examined the mean kinetic chain length ( = monomer molecules used 4 - hydro- 
gen peroxide used) was approximately the same as the mean chain length de- 
termined viscometrically, in the radiochemical polymerization of the same mono- 
mer, the ionic yield was alwa 3 rs considerably smaller than the mean chain 
length. If further work substantiates this observation, we must conclude that 
the number of radicals available per ion-pair in water is less than unity. 

C. SPATIAL DISTRIBUTION OF THE RADICALS 

In their studies (5, 6, 7) of the polymerization of methyl methacrylate in 
aqueous solution induced by hydroxyl radicals formed by the Fe+^’-HjO* reaction, 
Baxaidale, Evans, and coworkers find the mode of chain termination to depend 
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upon the hydroxyl-radical concentration. At low values of initiator concentra- 
tion the predominant mode is interaction of growing polymers in pairs, but at 
high concentrations of initiator termination by interaction of a growing chain 
with a hydroxyl radical becomes important. Kinetic studies will show whether 
this is also the case in the polymerization of acrylo- and methacrylo-nitriles by 
hydroxyl radicals. If the kinetics of the radiochemical polymerization indicate 
that the termination is by hydroxyl radicals and hydrogen atoms, although the 
over-all rate corresponds to a radical concentration which if averaged over the 
whole volume of the solution is inadequate for this type of termination to pre- 
dominate, it must be concluded that the available radicals are unevenly dis- 
tributed when produced radiochemically, being present in higli local concentra- 
tions. There appears to be some evidence for this effect in the 7-ray-induced 
pol37nerization of acrylonitrile, where the independence of the reaction rate on 
dose rate and the second-order kinetics can only be accounted for by the reaction 
scheme^^: 


Initiation: 


II2O — > H + OH 


( 1 ) 

( 2 ) 


[H or OH 4- mi mi* 

Propagation: mj + mi m^+i ( 3 ) 

Termination: m* + H or OH — » m^ ( 4 ) 

where * denotes growing polymer and mi = monomer. The scheme leads to 

dlmi] _ k^kz 


d( 


h 


In conclusion, it is perhaps not unjustifiable to state the hope that quantitative 
measurements of the kind described in this paper may lead to further knowledge 
concerning the radiochemistry of water. 


V. Summary 

From a consideration of the molecular structure of water, electron-impact 
data on water vapor, and the general mechanism of energy loss of fast charged 
particles passing through matter, it is concluded that the primary radiochemical 
act in water vapor is in part ionization, with formation of H20'^, and H"^ (and 
OH), and OH+ (and H), and in part excitation, probably with dissociation to 
H (25) and OH (in either the or states). Charge neutralization and ion- 
neutral molecule reactions result in more H atoms and OH radicals being formed. 
The possible effects of radical recombination and wall adsorption on the mag- 
nitude of the ionic yield of water vapor and its dependence on dose rate are next 
discussed. 

In liquid water it is assumed that the mechanism of energy dissipation is sub- 
stantially the same as in the vapor. The major differences in effect are that in 

Chain transfer has been disregarded, because it would not affect the rate of monomer 
consumption, and conceivable chain-transfer reactions with water are appreciably endo- 
thermic. 
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the liquid there will be: (a) iuoreased ion doasity, (b) uuareased energy andprc^ 
ability of hydration of the ions, (c) increased chances of deaetivati<m of excited 
species, and (d) inunediate (i.e., FrandE-Babinowitch) recombmation of a pcnr* 
tion (rf the H + OH radical pairs formed by dissociatm of tbe same water mole- 
cules. The kinetics of the radiolysis of pure water and of indirect action on 
solutes are discussed from this pmt of view, and it is c(mcluded that in high 
sdute concentrations the ionic yield should be independent of both sdute con- 
centration and dose rate. At low solute concentration under conditions where 
only a fraction of the available rachcals react with the solute, Ht + HiOj are to 
be expected among the primary products and the ionic 3deld becomes a function 
of the dose rate and solute concentrati(m. The independence d the ionic yield 
on concentration of solute should persist to lower cmxcentrations the lower 
the track density and hence the lighter the ionizing particle. 

Very preliminary results are presented on the x- and 7-ray-induced and the 
hydrogen peroxide-photosensitized pdymerization of acrjdonitrile and metha- 
crylonitrile in dilute aqueous solution. In the reaction photosensitized by hy- 
drogen peroxide the primary act is HiOt 20H and under the conditions of ex- 
periment, all the OH radicals initiate polymerization chains. The kinetic chain 
length and degree of polymerization data are not inconsistent, and the OH 
groups present in the final polymer may be detected by infrared spectroscopic 
analysis. In the radiochemical reactions similar polymers are formed, the infra- 
red spectra of which also show the OH group to be present. The kinetics of these 
reactions, insofar as they have been elucidated, combined with other evidence, 
indicate that H atoms and OH radicals are formed by the action of x- and 7-rays 
on water and that these species are probably not uniformly distributed but exist 
in high local concentration. 
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The study of die quenching of fluorescence is of particular interest to the 
subject of chemical kinetics because it is concerned Avith a large number of 
relatively simple reactions. In all reactions of this kind the rate is studied by 
observing the decrease in concentration of a reactant; the latter quantity is 
determined by the intensity of the fluorescence. Furthermore there is no net 
reaction in systems of this kind, a fact which greatly facilitates the taking of 
unambiguous quantitative measurements. For the -purposes of this discussion 
we shall apply the term fluorescence to the emission of light by a photoactivated 
system within a short time interval after the absorption of li^t has occurred. 
The length of the time interval elapsing between the absorption and emission 
processes is not of importance, except in so far as it may influence the relative 
importance of the different reactions which the activated molecule may undergo. 

The intensity of fluorescence which is observed in any solution is determined 
by the number of light quanta absorbed by unit volume of the solution and the 
rate of the fluorescence process relative to the rates of the other processes which 
the activated molecule may undergo. The intensity is also often modified by 
the absorption of the fluorescence by the unactivated molecules of the fluo- 
rescent substance, but this effect is usually small at low concentrations. The 
competing processes may be divided according to the kinetic point of view into 
first and second or higher order reactions. The first-order reactionsin elude 
deactivation by the solvent, all kinds of spontaneous internal conversion proc- 
esses, and those which may be induced by the presence of the solvent. In ad- 
dition, any second-order reactions involving the light-absorbing substance will 
appear to be first order in any given set of quenching experiments. 

If .4* represents the concentration of photoactivated molecules in a given 
system, the rate of each first-order deactivation process may be expressed by a 
differential equation of the form <Ll*/dt = kA*. Let iti, ks . . .he the rate 
constants for the various processes of this kind; then the total rate of deacti- 
vation of A* by first-order reactions is dA*/At = (A;i -f /cj + . . . )A*. The 
fraction reacting by any one path is the constant for that path divided by the 
sum of the constants for all of the first-order paths. In some systems, such 
as solutions of fluorescein in water, the principal process is the deactivation by 
emission of radiation. On the other hand, there are many more systems in 
which the non-radiative processes are of relatively great importance and the 
quantum yield of fluorescence is low. 

The average life of a photoactivated molecule is defined as the reciprocal of 
the sum of the rate constants for the first-order reactions, i.e., 1 / iki + ks-\~ • • .). 

‘ Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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The magnitude of the lifetime thus determined is one of the major factors in 
determining the importance of second-order processes. 

Under the heading of second-order processes are included those cases in which 
the intensity of fluorescencjo is reduced by fonnation of a complex between the 
fluorescent substance and the substance added. ITius the (|uenching of the 
fluorescence of uranyl ion by oxalate is due to the formation of the weak elec- 
trolyte uranyl oxalate, in which much of the absorbed energy is used in bringing 
about the decomposition of the oxalate. Such a possibility for the mechanism 
of the quenching process must always be considered but it is by no means a 
universal one. For example, it was shown by Rollefson and Stoughton ( 3 ) 
that the quenching of acridone or the acid form of fluorescein by potassium 
iodide did not cause any decrease in the activity of the fluorescent molecules 
in solution. In these cases the constancy of the activity was demonstrated b.y 
studying the distribution of the fluorescent substance between the aqueous 
solution and the benzene as the (juencher was added. This technique is appli- 
cable only in those cases in which the fluorescent substance exists in the form 
of neutral molecules in the solution. With ionic solutes the question as to 
whether or not a complex is formed must be answered from other considerations. 
Sometimes a change in the absorption spectrum of the solution w hen the quencher 
is added will show the presence of a complex. Such is the case in the uranyl 
oxalate system. There are, howewer, bound to be some systems for which it 
will be diflicult to make* a definite decision concerning the nature of the molecules 
present in the mixtui’e of solutes. In the discussion which is to follow we shall 
not be concerned with systems in which definite complexes are formed, but we 
shall limit ourselves to tliose cases in which the quenching process can be attrib- 
uted to a close a])proach of the quencher mole(*ule to the photoactivated 
molecule. 

The competition of the second-order quenching process with all of the 
first-order processes mentioned above is represented by the two e(|uations 

A * A + energy ki 

A* + Q — ^ A + Q + thermal energy h 


or 

A* + A + Q* + thermal energy 

By these we do not propose to limit ourselves with respect to the right-hand 
members of the equations but merely indicate that we are dealing with processes 
of these kinetic types. The constant ki for the first reaction is the sum of the 
constants for all of the possible first-order processes. Similarly, A: 2 is the sum 
of the constants for all possible mechanisms for quenching which are kinetically 
of the first order with respect to both the photoactivated molecules and the 
Quencher. The fraction of the A * molecules which react by a first-order process 
in the presence of a quencher is 1/(1 + (^2/^1) ((?))• The ratio of the intensity 
of the fluorescence in the presence of the quencher to that from the solution 
without quencher is also given by this fraction. The ratio k2/ki is called the 



520 


O. K. ROUUBiFSON AND H. BOAZ 


quendxing constant, and will be desngnated by k. Hence, tiie equaticm for the 
action of a quencher may be put into the form 

h/I = 1 + HQ) 

in which the intensity of fluorescence in the absence of a quendier is designated 
by h and that with the quencher present is I. (Q) is the concentration of the 
quendier. This equation was derived from this point of view by Stem and 
Volmer (4) in 1920. In 1931 Frank and Vavilov (1) proposed a modification of 
tins equation in which the right-hand member of tiie equation was multiplied by 
an exponential factor to allow for the quendiing whidi occurs because a molecule 



Fig. 1, Intensity of fluorescence as a function of the concentration of quencher 

of quencher happens to be within the necessary sphere of action at the time the 
absorbing molecule is activated. This so-called static quenching has been 
discussed extensively by W. N. Sveshnikoff (6), who concluded that it is not 
important. 

The equation given above requires that a plot of the values of lo/I against 
the concentrations of the quendier should be a straight line, with a slope equal 
to k. Actually, k is affected to a marked degree by the ionic strengtii of the 
solutions if both the reactants are charged molecules. Even if the ionic strength 
is kept constant by the addition of a non-quendiing salt or if we study the 
quendiing of the fluorescence of a neutral molecule, there is a noticeable tendmcy 
for the quendiing constant to increase at hi^ cmoentrations of the quencher. 
This fact is illustrated by the curve diown in figure 1, vfliich r^resents the 
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quenching of acridone by potassium iodide. The curvature a1 higli concen- 
trations can be explained in more than one way. It is of course possible that 
it is due to the static quenching proposed by Frank and Vavilov, since the data 
shown here go to much higher quenching than was studied by Sveshnikov in 
the experiments in which he obtained negative results. On the other hand, 
it may be that the increased (quenching is due to a small amount of a third-order 



Fio. 2. Quenching constant as a function of the concentration of the quenchei 

process. The effect of sucli a process can be shown by writing the quenching 
equation in the form: 

h/I = 1 + k{Q) + k'iQY 
It readily follows from this equation that: 

~ ^ — k + k'{Q) 

If the values for tlie left-hand member of this e<iualion are plotted as ordinate^ 
with values of {Q) as abscissas, a straight line should be obtained with an inter" 
oept of k and a slope of Jfc'. Sucli a plot is sliown in figure 2 and it is apparent 
that the data fit the above equation quite well. Since the Frank and Vavilov 
eqxiation can be reduced lo the same form as a first approximation, these data 
do not suffice to decide between third-order processes and the so-called static 
quenching. For the present it is sufheient to say that the data support the 
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idea that quenching is primarily a competition of a second-order reaction with 
the fluorescence process and any other first-order processes which may be oc- 
curring. 

The quenching constant as defined above is a ratio of a bimolecular rate 
constant to the sum of some monomolecular rate constants, or it may be looked 
upon as the product of a bimolecular constant and the lifetime of the photo- 
activated molecule under the conditions prevailing in the solution. A ratio of 
the constants for the action of two quenchers on the same fluorescent molecule is 
therefore the ratio of the two bimolecular rate constants, but if we consider the 
ratio of the constants for the action of one quencher on two different photo- 
activated molecules the result is the ratio of the rate constants multiplied by 
the ratio of the lifetimes. If the only variable condition is the concentration of 
the quencher, the latter ratio may be considered a constant which it would be 
necessary to evaluate for the consideration of absolute reaction rates but need 
not be evaluated if only relative' values are to be considered. In the discussion 
which is to follow we shall be concerned with such relative values. 

In the older literature it is said that the substances which may act as quenchers 
for fluorescence can be arranged in a series such that any given substance is a 
better quencher than those that follow it but poorer than those which precede 
it in the seriejs. The non-validity of this idea was pointed out by Rollefson 
and Stoughton (3) in 1 941 . They presented evidence that a consideiable number* 
of fluorescent substances can be divided roughly into two groups. One of these 
groups is quenched by suVjstances such as iodide, thiocyanate, bromide, etc. but 
not by nitrate. The other group is quenched by iodate, bi'omate, nitrate, etc. 
but is only slightly affected by iodide. It is apparent therefore that, any dis- 
cussion of the queiK^hing proce.ss mtist be prepared to deal with a significant 
amount of specificity. 

Recently La Mer (7) and his students have published some discussion of 
quenching viewed as a diffusion-controlled process. That diffusion is an im- 
portant factor in determining the rate of the quenching process in many cases 
cannot be denied, since there ai*e many instances in which the magnitude of the 
quenching constant is definitely dependent on the viscosity of the solution. 
Such a viscosity dependence is by no means universal, as is shown by the fact 
that the quenching of the quinine fluorescence by silver ion is independent of the 
viscosity. Furthermore, the wide variation in the ratios of the quenching 
constants calculated for various pairs of quenchers on different fluorescers cannot 
be explained as due to diffusion. 

In order to emphasize the specificity of the quenching constants consider the 
data tabulated in table 1. The data for acridone, acridonesulfonic acid, and 
anthracenesulfonic acid are taken from the paper of Stoughton and Rollefson (5) 
and the other values have been obtained recently by the authors. It is apparent 
that even if we limit ourselves to dyes which belong to one of the two groups set 
up by Rollefson and Stoughton, the ratios are far from being constants de- 
termined solely by the nature of the quenchers. Any theory which pretends 
to explain the quenching action must be able to account for these specific effects. 
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In the remainder of this paper various possible mechanisms for the quenching 
process and possible means of distinguishing between them are to be discussed. 
It is to be understood that these mechanisms do not exclude diffusion effects but 
supplement them. 

A consideration of the properties of photoactivated molecules leads to the 
conclusion that the possible mechanisms for quenching can bo grouped under 
three broad headings: (/) The quencher induces internal conversion of the 
excitation energy into thermal energy. (2) The quencher removes a relatively 
large quantity of energy by a specific transfer, (d) The activated molecule 
enters into some chemical reaction with the quencher, and the net effect is re- 
versed by subsequent dark reactions. 


TABLE 1 

Somv ti/pieal examples of quenching constants 




1 

QUENCHFR 

1 

H.UOREStKk 





» 

— 




Ak"" 


> 

Acridono 



12 2 

; 02.0 

j 7.55 

Anlhrac(*n(\sulfnnic acid 



70.8 ! 

! 7.25 

1 0.104 

Acridoncaulfonic acid 



12. (> 

! 50.1 

1 3.9S 





gLE>rcnLk 





lOa- 

NO*- 

i 

OH 

«-Xaphthylanuuo 



73 

1 

1 55 

i 0.1 

173 

Sodium naplit Iiioruito 



25 

13 

! 0.1 

44 

of-.Xaphthol 



1 25 ' 

18 



J *N iipht hoi -4 -sulfoiuit c 



I 24 j 

1 

0 

1 '*-1 

0 


The induced internal conversion of the excitation energy into thermal energy 
may be brought about in a number of ways. One which certainly must be 
given consideration is the possibility that the presence of the quencher causes an 
effect analogous to the phenomenon referred to as induced predissociation in 
gaseous systems. In this case it is not necessary for the photoactivated molecule 
to dissociate but only necessary for it to pass to another electronic state from 
which it returns to the lowest state by collisional deactivation rather than by 
the emission of radiation. The probability of such a transfer occurring depends 
on the specific nature of the selection rule which must break down and the 
intensity of the field supplied by the quencher. An example of this type of 
induced transfer is furnished by the magnetic quenching of the fluorescence of 
iodine. An effect of this sort is not ordinarily linear with the field strength, 
so it is not to be expected that the ratio of the quenching constants for two 
quenchers acting on a series of fluorescent molecules will be constant. However, 
it is to be expected that the order of arrangement of the quenchers would be the 
same for all molecules if this is the mechanism for the quenching process. 
Furthermore, it is to be expected that positive ions would be as effective as 
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negative ions in queuchii^ and doubly charged ions would be even more effective. 
It is apparent that the data which have been presented are not in accord with 
such a hypothesis. 

An induced internal conversion of the excitation energy need not involve the 
breakdown of a selection rule. It is perfectly possible that all that a quencher 
needs to do is perturb the vibrations so that the energy is distributed into more 
degrees of freedom. The ease with which such an effect may occur may be 
related to tlie polarizability of the fluorescent molecule. Whatever the details 
of the mechanism may be, it is apparent that such effects should depend on the 
field of force of the quencher molecule whether it is due to a charge on that 
molecule, van der Waals forces, or other effects such as the polarizability of the 
molecules. No general effect of this type can account for the specificity mani- 
fested by the data. 

The second type of quenching mechanism, the i-emoval of a relatively large 
quantity of energy by a specific transfer, is obviously capable of supplying any 
degree of specificity needed. Many studies have been made of gaseous systems 
which show that the maximum quencliing efficiency is obtained when the energy 
to be removed from the photoactivated molecule is just that required to transfer 
the quencher from its lowest state to a definite axcited state. A particular 
example is furnished by the quenching of the fluorescence of merciuy vapor. 
In that case it has been sliown that the molecules which are the best quenchers 
have an energy difference between two of the lowest vibrational states which is 
approximately equal to the 6 *Pi — 6 ®Po difference in the mercury atom. As 
another example it is known that when Hg (6 ^Pi) collides with a sodium atom, 
the mercury atom returns to the lowest state and the sodium takes up the energy, 
going to the 9 state. 

In dealing with substances in solution we do not have complete information 
concerning the energy states for either the fluorescent or the quencher molecules. 
It was pointed out by Rollefson and Stoughton that there is no correlation 
between the efficiency of a quencher and its absorption spectrum . It is necessary 
therefore to find some energy difference which corresponds to a transition between 
two states for which some selection rule forbids the transition by the absorption 
or emission of radiation. At the same time, if this transfer is not going to return 
the fluorescent molecifle to its lowest state we must find some evidence for an 
intermediate energy level in that molecule. One possibility is suggested by the 
work of the late Professor G. N. Lewis and his stud^ts (2). They have demon- 
strated the existence of metastable states by studies of the phosphorescence of 
these molecules in rigid media. In some cases proof has been presented that 
the metastable states thus detected are triplet states. Most of the substances 
investigated have not had the quenching of their fluorescence studied, but a few 
such do exist. Fluorescein and ihodamine, whidi belong to the iodide-quenched 
group, have difference between the upper singlet and the triplet states of 6-10 
kg.-cal. per mole, whereas in a-naphthylamine, which is in the other group, the 
differece is near 30. 

The nature of the transition in the quencher must be such that its occurrence 
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by absorption of radiation is of low probability, i.e., it must be -contrary to some 
selection rule but such rules do not hold in collisions. An unpairing of electrons 
in both molecules would be expected to be of lower probability than unpairing 
in only one. The quenching of the fluorescence of many dyes by oxygen may be 
due to a S—*S transition in the dye with a T—>S transition in the oxygen. The 
energy difference between the lowest singlet and triplet states of oxygen is known 
to be of the right magnitude for this purpose. 

Adequate data for a test of this mechanism are not available but can be ob- 
tained readily. Obviously it is capable of accounting for extremely specific 
effects. If this is the mechanism for the majority of the cases of quenching, 
it should be possible to arrange a list of quenchers in order according to the 
effective energy difference. Thus, iodide might be towards one end of such a 
series and iodate towards the other. Substances such as silver ion, which quench 
both of the classes which we have mentioned, may be in the middle or may 
have two effective energj’' differences. It is to be noted that the effectiveness 
of one quencher may be less than that of another, either because its effective 
energy-level separation is too large or because it is too small. 

Unfortunately, most of the work of Lewis and his associates has been done 
with non-electrolytes in non-polar solvents, whereas the work on quenching 
has been done with electrolytes in solution in water or at least a polar solvent. 
In order to test the singlet -triplet idea adequately, work must be done on non- 
aqueous systems. Even if no correlation is found between the singlet-triplet 
separations and the efficiencies of various quenchers in such non-aqueous sys- 
tems, a study of such systems vnW permit gradual variations in conditions which 
are bound to shed light on the mechanism of quenching. 

Before leaving the discussion of the mechanism it should be pointed out that 
altliough attention has been called to the singlet-triplet differences, there are 
other transitions which may be the important ones. A positive correlation 
between the singlet-triplet difference and quenching efficiency would be strong 
evidence for this mechanism, but a failure to observe such a correlation would 
not disprove it. The test is actually quite severe, since it requires that if iodide 
ion quenches fluorescein because of an energy difference in each which is in the 
range of 5-10 kg. -cal. per mole, then iodide ion cannot effectively quench any 
substance with a difference of 25-30 kg.-cal. per mole unless we assume a second 
and larger difference in the iodide. 

The third type of quenching mechanism is one in which the photoactivated 
molecule enters into a reaction which is followed by dark reactions of such a 
nature that no net reaction occurs. An example of this type is the dissociation 
of hvdrogen by Hg*. This reaction probably involves the sequence: 

Hg-^ + H2 HgH + H 
HgH ^ Hg + H 
H + H Hs 

Electron transfers, such as postulated by Weiss, i.e., oxidation-reduction re- 
actions, may occur in solutions. Although there is no correlation between the 
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oxidizing (or reducing) strength of a substance and its quenching power, it must 
be considered that the photoactivated molecule may enter into a reaction with a 
substance which is such that in the absence of photoactivation the equilibrium 
is far in favor of the original substance* Another type of reaction which might 
occur is illustrated by the anthracene-dianthracene photostationary state. 
Although in that case the reaction product is produced in sufficient quantity 
to observe, such would not be the case if the back-reaction were faster. It is 
possible also that in some cases a dye may be reduced by a quencher and re- 
oxidized by dissolved oxygen. Such cases may be detected by eliminating 
oxygen fronl the solution, a procedure not ordinarily followed, or by prolonged 
illumination. The latter procedure is not desirable, since some side-reaction 
becomes apparent on long illumination in most systems. 

In reviewing these three proposed mechanisms for quenching it is to be noted 
that specific examples have been cited for each type. Although these examples 
have been taken from gaseous systems it would be unwise to say that similar 
examples cannot be found in solutions. Therefore we must admit the possi- 
bility that all three types of mechanism play a r61e in solutions. It has been 
pointed out that for the first type of mechanism the effectiveness of a quencher 
should depend on some general type of property, such as the field of force around 
the quencher, and not to any significant extent on the chemical composition 
of the quencher. The fact that such forces cannot account for the highly spe- 
cific effects observed does not mean that they may not aid in bringing about a 
change by some other mechanism. Thus the general electrostatic field of a 
quenching ion may modify the energy differences in a fluorescent molecule in 
such a way as to make the quenching action different from that which occurs 
when an uncharged molecule is used as a quencher. The high degee of speci- 
ficity apparent in the quenching action is strongly in favor of either the specific 
energy transfer or the chemical reaction as the mechanism of quenching, with 
the former preferred. 

If the ideas presented in this discussion sliould be confiimed by later experi- 
ments we have in these studies a means of greatly increasing our knowledge 
concerning the energy states of both the quencher and the fluorescent molecules. 
Such infoiination may be of great value in seeking correlations between the 
rates of other reactions involving these substances. Even if such a goal is not 
achieved, the quenching of fluorescence is still a means of studying the effects of 
various factors on the rates of reaction. 

SUMMARY 

In this paper the quenching of fluorescerfee is viewed as a second-order process 
competing with the various first-order processes which the photoactivated mole- 
cule undergoes. An experimental test of the validity of this view is presented. 

In discussing the mechanism of quenching three types of processes are offered 
for consideration. They are: (1) The quencher induces internal conversion 
of the excitation energy into thermal energy, (2) The quencher removes a 
relatively large quantity of energy by a specific transfer. (S) The activated 
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molecule enters into some chemical reaction with the quencher, and the net 
effect is reversed by subsequent dark reactions. 

E xamples are presented of all three types of action occurring in gaseous sys- 
tems, Some preliminary data, however, indicate that the specific energy trans- 
fer may be of major importance in the quenching of dyes by various ions. It 
is pointed out that if this view is supported by additional data we have in these 
studies a means for obtaining data concerning metastable states which cannot 
now be obtained in any other way, 
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The primary process of a photochemical reaction may be defined as including 
(12) “the initial act of absorption and those immediately following processes 
which are determined by the properties of the initially excited electronic state.” 
The photochemist who studies the reactions of simple molecules in the gas phase 
has the distinct advantage that more or less complete information in regard to 
the primary process may be obtained directly from spectroscopic data. This 
advantage does not exist for the photochemistr}^ of complex molecules. Indeed, 
the study of the primary process in such complicated reactions as dye-sensitized 
photooxidations in solution is often the most difficult part of the investigation 
of the reaction. It is doubtful if the detailed nature of the primary process, or 
as it is sometimes called (15) the “inner or hidden” mechanism, of any photo- 
chemical reaction involving dyes or pigments is known with any certainty. 

Until fairly recently it was maintained very tenaciously by a group of photo- 
chemists that fluorescence and photochemistry were complementary processes. 

* Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the ITnivorsity of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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That is, all of the photochmical action was produced by a direct interaction 
between a substrate molecule and the senatising molecule in the relatively idiort- 
lived excited state which leads to fluorescence. This hypothesis is scarcely con- 
sistent with the well-known fact (4) that there is no parallelism between the 
efficiency of dyes as photosensitizers and their maximum fluorescent yields ob- 
tained in the absence of the substrate. Indeed, dyes are known which ate 
capable of sensitizing photo6xidation with yidds approaching unity, but whose 
maximum fluorescence yields in the absence of the reactants are less than 0.01. 
More definite evidence against this simple theory was obtained by Gaffron (2) 
in the study of chlorophyll-sensitized photodxidations and in the photochemical 
autodxidation of rubrene. Particularly in the latter case, it was demonstrated 
that the minimum life of the activated state which leads to the chemical reaction 
must be more than a thousandfold greater than the life of the fluorescent state. 
Thus, the photochemical evidence seems to demand the existence of a long-lived 
activated form of the sensitized molecule, which is reached indirectly through 
the first excited state (1). 

Further evidence for the existence of long-lived excited states of complex 
molecules comes from the studies of Vavilov (18, 20), Kautsky (6), Pringsheim 
(14), Lewis (9), and others on dyes adsorbed or dissolved in extremely viscous 
solvents. Under these conditions a phosphorescence is observed which has the 
same wave-length distribution as the ordinary fluorescence but whose life is 
temperature dependent. At very low temperatures, when the life of this radia- 
tion is relatively long, a new long-lived emission becomes detectable. This 
long-lived fluorescence* has a life which is independent of temperature and a mean 
wave length which is distinctly longer than that of the ordinary fluorescence. 
The heat of activation which is associated with the life of the phosphorescence 
is equal to or greater than the difference in energy between the phosphorescent 
quanta and the long-lived fluorescent quanta. Jablofiski (5) was the first to 
interpret these facts in terms of a simple energy diagram involving three elec- 
tronic levels. The absorption and fluorescence of the molecule arc due to transi- 
tions between the ground state. A, and the first excited state, B. Radiative 
transitions between these states and the third state, C, which has an energy 
level between A and B, are forbidden. However, a radiationless transition 
(internal conversion) (19) between states B and C can occur. Since the mole- 
cules are in solution, the (generalized) oscillational energy in excess of the thermal 
amount is quickly lost by collision with solvent molecules. Phosphorescent 
emission occurs when a molecule in state C acquires sufficient energy of activa- 
tion to revert to state B. Since phosphorescence is not commonly observed in 
solution at ordinary temperatures, it must be possible for state C to go over to a 
high oscillational level of state A and so degrade its energy as heat. This radia- 
tionless transition determines the life of state C under ordinary conditions. In 

® The older definitions of fluorescence and phosphorescence (13) arc used in this paper. 
Delayed emission the half-life of which is strongly temperature dependent is called phos- 
phorescence, while delayed emission whose half-life is temperature independent is referred 
to as long-lived fluorescence . Lewis and his coworkors (9) adopted the opposite convention . 
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extremely viscous solvents or in the absorbed state, this radiationless transition 
becomes relatively unimportant and phosphorescence is observed. At low tem- 
peratures the life of the phosphorescence exceeds the natural life of the tempera- 
ture-independent long-lived fluorescence, which then becomes the dominant 
process.® 

Additional information regarding the inner mechanism of photosensitization 
by chlorophyll can be obtained from a study of the reversible photobleacliing 
of chlorophyll solutions. This effect was discovered by Porret and Rabinowitch 
(16) in 1937 ; its existence was confirmed and it was further studied by Livingston 
in 1941 (10). Recently the investigation of this phenomenon has been renewed 
by McBrady and Livingston (11). Unlike the reversible photobleaching of 
thiazine dyes (3, 21), the photobleaching of chlorophyll solutions occurs in the 
absence of added reducing agents. The studies of Holst (3) show that the 
bleaching of methylene blue in the presence of phenylhydrazine is a typical case 
of a photostationary state, analogous to the photochemical stationary state 
involving iodine and ferrous ion (17). In cases of this type there appears to be 
little probability of obtaining information regarding the nature of the primary 
process by a study of the reversible bleaching. However, since chlorophyll is 
photobleached in solutions containing no added reactants, it appears much more 
probable that the course of the bleaching may be directly related to the primary 
process of photosensitization. 

Figures 1, 2, and 3 illustrate typical cases of photobleaching of chlorophyll 
solutions. The duration of each experiment in seconds is plotted as abscissa 
and the decrease in molarity of chlorophyll as ordinate. The interval between 
measurements is 5 sec. The point at the end of each light interval is indicated 
by a circle; that foIlo\\ing a dark interval, by a solid dot. In the experiments 
illustrated by the figures the source of actinic light was a 1000-watt projection 
lamp, equipped with suitable lenses and with filters which transmit the red end 
of the spectrum and absorb most of the infrared as well as the blue-violet end 
of the spectrum. The solutions were made up in purified methanol, and were 
2 X 10"“® M in respect to chlorophyll a. The details of the experimental meas- 
urements have been discussed elsewhere (11). In computing the decrease in the 
molarity of chlorophyll it was assumed (16) that the bleached form of chlorophyll 
does not absorb at all in the red end of the spectrum. 

Figure 1 is typical of the bleaching in air-free methanol solutions. Under 
these conditions the steady-state bleaching ranged from 0.2 to 0.6 per cent, de- 
pending upon the sample of solvent and chlorophyll used. The steady-state 
bleaching was attained in less than 3 sec. (which was the period of the galvanome- 

* No discussion of either the cause of the long life of state C or the mechanism hy which 
the molecule goes from state B to state C is included in the preceding statement. These 
controversial points have been treated extensively elsewhere (1, 7, 8, 9), and it would be 
beyond the scope of the present paper to present them adequately. In the opinion of the 
author, the cxperimeiTtal facts obtained for different types of compounds cannot be fitted 
by any'one simple formulation which attempts to specify the exact nature of the electronic 
states and of the radiationless transitions. 
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Fig. 1. Reversible bleaching of chlorophyll in air-free methanol solutions 
Fig. 2. Irreversible bleaching of chlorophyll in the presence of air 



Fig. 3. Reversible bleaching of chlorophyll (prepared with carbon tetrachloride) in air-free 

methanol solutions. 

ter used) and the half-life of the bleached material was less than 0.5 sec. .Experi- 
ments performed with different intensities of the actinic li^t demonstrated 
that the steady-state bleaching is directly proportional to the square root of 
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the intensity of the absorbed light. The initial concentration of chlorophyll 
appears to have no effect upon the bleaching except indirectly, owing to the 
change in the intensity of the absorbed light. Both the steady-state bleaching 
and the rate of the reverse dark reaction appear to be independent of tempera- 
ture in the rage from 5° to 25'’C. The reversible bleaching is always accom- 
panied by a relatively slow irreversible bleaching, its rate usually being less 
than 10 per cent of the reversible effect. 

Oxygen completely inhibits the reversible bleaching and somewhat increases 
the irreversible action. However, even in solutions saturated with air, the rate 
of the irreversible reaction is never more than 20 per cent of the rate of the re- 
versible process which would be observed in the same solution in the absence of 
air. Figure 2 illustrates the bleaching of a solution saturated with air. 

The reverse reaction, which occurs in the dark, appears to be sensitive to 
small traces of impurities. For example, the bleaching of solutions of chlorophyll 
prepared by a slightly modified procedure follows the coume illustrated by 
figure 3 rather than figure 1. The only difference in the two methods of prepara- 
tion was that in the latter case (figure 3) carbon tetrachloride was substituted 
for the ether which wa.s u.sed as a solvent in the standard method of purifying 
chlorophyll. P^urther experiments showed that this difference was due to impuri- 
ties present in the carbon tetrachloride used in the experiments. Table 1 sum- 
marizes the effects produced by a number of different added substances. It is 
noteworthy that reactive reducing agents (such as hydroquinone) are practically 
without effect, while oxalic acid and oxidizing agents (such as methyl red and 
iodine) have a marked effect. The striking change produced by dilute solutions 
of iodine is paralleled by the efficiency with which iodine quenches the fluores- 
cence of chlorophyll and changes its absorption spectrum. Iodine apparently 
forms a compound with chlorophyll and so modifies its photochemical properties.* 

Although the data presently available are not sufficient to permit a definite 
decision as to the mechanism of the reversible bleaching, it is possible to set up a 
series of reaction steps which are consistent with the known facts: 


(1) 

GR + hv GH* 

(2) 

+ GH* GH + hv/ 

(3) 

GH* -> HG 

(4) 

HG -^GH 

(6) 

HG + BH GH« + B 

(6) 

GH* + B GH + BH 


The symbols used have the following significance: GH is normal chlorophyll; 
GH* is electronically excited (singlet state) chlorophyll; HG is long-lived acti- 
vated chlorophyll (probably in a tautomeric, triplet state); GH 2 is the partly 
Induced, bleached form of chlorophyll; and BH is a reactive, reducing inapurity 
present in the solvent. This mechanism leads to the following expression for 
the change in chlorophyll concentrations, AC, at the steady state. In agreement 

* The evidence for these effects of iodine will be presented elsewhere with Dr. W. Watson. 
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with the experiments, this equation indicates that the steady-state bleaching is 
proporticmal to the square root of the intensity of absorbed light and that it 

TABLE 1 


The effect of added substance upon the reversible Ueachinff of chlorophyll 


SOLVSNT 

ADDED SUBSTANCE 

M 


■■ 

BEVBE8B KEACTION 

JUCnEKXNCE 

Order 

He) 

CHgOH 

Nonet*> 


1 

54 X 10-* 

2 

>6 X 10« 

(11) 

CHaOH. ... 

Oxygen 

<i(r* 

0 




(10,11,16) 

CHaOH . . 

Fe-^ 


0 




(16) 

CHaOH . 

Allylthiourea 

0.05 

^1 


2 


(10,11) 

CHaOH . . 

Hydroquinone 

0.01 



2 


(10) 

CHaOH... . 

Isoamylamine 

50 per cent 

.^1 I 


2 


(10) 

CHaOH. 

Carbon 


W-\l 


2 


(16) 


dioxide 







(CHalaCO 

— (b) 






(10) 

CH.,OH ... 

Formic acid<®^ 

0.01 

30 


2 


(16) 

CHaOH . ... 

Formic acid 

0.01 

3 


2 


(10) 

CHaOH 

Formic acid 

0.01 

v-i^l 


2 


(11) 

CHaOH 

Impurity in 

> 

2 

1 X io-« 

2 

3 X 10^ 

(111 


carbon tetra- 








chloride 







CHaOH. . . 

Methyl red 

10-6 

4 




(111 

CHaOH 

Oxalic acid 

10"^ 

3 

7 X 10-< 

1 

2 X 10-^ 

(11) 

CHaOH 

Iodine^®) 

10-6 

150 

1 X io->(?) 

K?) 

w-10-*(?) 

(11) 

CC 14 

Impurities 

? 

<1 

4 X 10-* 

2 

4 X 10* 

(11) 


The data are consistent with reference 16. Reference 10 indicates k on 10». 
Qualitatively similar to methanol solutions except that the irreversible reaction is 
faster. 

These divergent results suggest that the effect is due to an impurity in the formic 

acid. 

The addition of allylthiourea neutralizes the effect of this impurity. 

(•> A compound between iodine and chlorophyll is apparently formed. 

The irreversible reaction accounts for about half of the yield. An after-bleaching 
occurs for about 0.5 sec. after the light is cut off. 

Second-order A;’s are expressed in liters/mole X sec.; the first-order A;'s in reciprocal 
seconds. 


vuies with an imcontroUed factor, the concentaration and the chemical nature 
of an unknown impurity. 


AO 


• h, hom /I* 
,k» + k» ^h + hCBS) ^ 
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I indicates the intensity of the absorbed light (in appropriate units) and is 
the rate constant for the reaction step. 

While the assumption that the partly reduced radical, GH 2 , is the bleached 
form of chlorophyll is plausible, it is completely arbitrary. In fact, the evi- 
dence presented in table 1 suggests that it is more likely that the bleached form 
is the partly oxidized radical, G. The former alternative was chosen in the 
present mechanism since it is consistent with the following (1) simple explana- 
tion for the inhibitory action of oxygen: 

(7) O 2 + GH 2 GH + HO 2 

(8) HO 2 + B BH + O 2 

These reactions fit in with the HO 2 mechanism (21) of sensitized autooxidations. 
In the presence of a relatively high concentration of a reducing agent, as allyl- 
thiourea (2), the HO 2 would be reduced and the radical B would react, pre- 
sumably, with some of the radicals formed in the reaction chain. 

Another way in which the inhibition by oxygen could be explained would be 
to assume that the paramagnetic oxygen molecule catalyzes steps 3 and 4 (in- 
creasing their absolute rates at least one hundredfold). Since these steps are 
radiationless transitions which (presumably) violate the intercombination rule, 
this assumption appears quite plausible. This explanation has the advantage 
that it does not require that GH 2 be the bleached form of chlorophyll. Further- 
more, it is consistent with the reported (6) quenching of chlorophyll phosphor- 
escence by oxygen. It is questionable, however, whether it can be reconciled 
with the experimental data on sensitized autooxidations (2). It is obviously 
inconsistent with the HOo mechanism (21) for photooxidations. Gaffron's 
mechanism (2) for these reactions, which postulates that the reaction is 
initiated by a direct interaction between molecules of the reductant and of ac- 
tivated chlorophyll, may possibly be compatible with this assumption, but would 
lead to the (untested) prediction that high concentrations of oxygen should re- 
tard the autooxidations. 

Professor Franck‘S has suggested that the action of iodine in enhancing the 
bleaching and changing the reverse reaction to first order is due to the addition 
of an iodine molecule to a double bond of an excited chlorophyll molecule, thereby 
interrupting the resonating system. This photochemical reaction is preced^ 
by a dark reaction between chlorophyll and iodine.* The reverse reaction will 
be the unimolecular dissociation (or rearrangement) of the bleached compound, 
HGIj, as follows: 

HGI 2 GH + I 2 

This mechanism leads to the prediction that iodine should increase the quantum 
yield of bleaching as well as reduce the rate of the reverse reaction. A similar 
explanation for the effects of methyl red and of oxalic acid seems probable. 
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The absorption spectra and vapor pressures of the aldehj^des are such as to 
invite photochemical studies of them in the gaseous phase. They aU have a first 
region of absorption in the near ultraviolet with a span of approximately KXX) 
A. On the long-wave-length side this region is always discontinuous in charac- 
ter, showing some fine structure in the case of the more simple molecules. The 
fine structure blends into a diffuse or what has been designated a predissocia- 
tion spectrum, and this in turn changes over to a continuum on the short-wave- 
length fringe of the region. A second absorption region soon starts in below 
this and continues perhaps another thousand Angstrom units well into the 
Schumann region. A few investigators have ventured into this second region, 
but for the most part it remains unexplored, waiting for the development 
of better equipment and better technique for quantitative studies. We shall 
return in this discussion, therefore, to the first absorption region, where much 
work has been done. It is believed that here at least a beginning has been 
made toward an appreciation of the chemical processes which follow the ab- 
sorption of radiant energy. 

» Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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In figure 1 are given microphotometer tracings of acetaldehyde, propionalde- 
hyde, and isobutyraldehyde (21). The spectrum of normal butyraldehyde coin- 
cides almost exactly with that of isobutyraldehyde showing, however, slightly 
more pronounced bands. Similarities and differences in structure are apparent. 
Detail structure becomes less evident with decreasing wave length and with in- 
creasing molecular weight. Attention is called particularly to acetaldehyde. 
One can see the distinct structure reported by Henri and Schou (16) as extending 
to 3300 A. The bands which they reported as becoming more and more diffuse 
at shorter wave lengths extend well beyond the limit of 2820 A. set by them. 
These bands are most intriguing, but they are not of sufficient detail to maV 
possible a mathematical interpretation of the spectrum. However, from th 



Fig. 1. Microphotometer tracings of the absorption spectra of acetaldehyde, propion- 
aldehyde, and isobutyraldehyde. The positions of the principal lines of the mercury arc 
are indicated. 

interpretation which had been given to somewhat similar spectra of diatomic 
molecules, a physical concept of such spectra of polyatomic molecules was for- 
mulated by Henri (15) and others somewhat as follows: Bands having distinct 
structure indicate electronic excitation with lives of the order of sec. With 
the aldehydes these occur on the long-wave-length side of this region of absorp- 
tion. The continuum which lies on the short- wave-length side was conceived 
to represent molecular dissociation, w^hich takes place within the period of one 
vibrational cycle, i.e., in approximately 10”^^ sec. The intermediate diffuse 
bands were designated as predissociation spectra by Henri. Predissociation 
has been described in various ways, but we can do no better than follow the 
lead of Burton and Rollefson (13) and consider pi’edissociation as a decom- 
position process which occura after a time greater than one vibration period has 
elapsed following absorption. The mercury arc lines make possible the study 
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of the aldehydes with monochromatic radiation in each absorption t]^ (see 
figure 1). Such chemical studies should serve to extend and amplify our genend 
interpretations of the absorption spectra of complex molecules. 

For formaldehyde (16), acrolein, and crotonaldehyde (10) the first absorption 
regi<m. is shifted a few hundred Angstrom units to longer wave lengths and in 
g^eral shows more detailed structure. The ketones have absorption spectra 
similar to the aldehydes in this regicm. Since the carbonyl group is cconmon to 
all these compounds, absorption is thought to represent the excitation of an 
electron associated with this group. 

As supporting evidence for the processes attributed to the types of spectra 
in this region, some of the aldehydes at any rate show pronounced fluorescence 
at long wave lengths. This fluorescence diminishes in intensity as the bands 
become less evident and is no longer discernible in the continuum. The ab- 
sorption and fluorescence spectra, with their interpretation, led to predictions 
twenty or more years ago that no dissociation of these compounds would take 
place if they were irradiated with monochromatic light falling in the wave- 
length range of fine structure bands (15). In the diffuse range some dissocia- 
tion might occur, while in the continuiun all absorption leads to dissociation in a 
period of time far shorter than that between molecular collisions. These pre- 
dictions, — ^namely, that radically different chemical results were to be expected 
at different wave lengths, — stimulated investigation and early results were re- 
ported to be in general agreement with them. However, since most early experi- 
ments were little more than qualitative in nature, it would perhaps have been 
better to say that they were not in disagreement with spectral interpretations. 

As indicated in figure 1, the mercury arc is a convenient light source for de- 
tailed study of the aldehydes. With proper equipment individual lines of suffi- 
cient intensity can be isolated to study the chemical effect of absorption in each 
region. This has been done with several aldehydes under various other experi- 
mental conditions. In general, marked changes in chemical results have not 
been found as consistently, on going from one type of absorption to another, as 
one might have supposed. For example, in figure 2 decomposition quantum 
yields of three aldehydes are shown to vary rather uniformly over most of the 
spectral region shown in figure 1 (19, 20). 

Because of its markedly different types of absorption, crotonaldehyde, 
CHsCH^oaCHCHO, was thought originally to be a good substance to investigate 
in tiie hope of correlating absorption spectra with chemical processes (10). It 
was soon learned, however, that at room temperature no photolysis occurs even 
with the full force of the mercury arc (6). At elevated temperatures some de- 
ctHuposition will take place, as shown in figure 3 (5). In a sense it may be said 
that the early interpretation of spectra is substantiated, since no measurable 
decomposition was obtained in the region of many bands. However, the fact 
that quantum- 3 deld curve extends over two electronic regions of absorptiim 
indicates, perhaps, that it is the amount of energy absorbed and not the alWp- 
tkm type that k most important. A study of the photochemical oxidation of 
crotonaldehyde at room temperature has given results which conform to this 
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idea (9). In this case the smooth oxidation curve cuts across three types of 
absorption spectra. 

Acrolein, CH 2 =CHCHO, like crotonaldehyde, dissociates very little at room 
temperature (2). Unlike crotonaldehyde, hbwever, it may photopolymerize 
extensively, as shown in figure 4. A small amount of photodecomposition was 
found at room temperature. The high polymerization quantum yields found 
at wave lengths which fall in a region of absorption which appears continuous 
may be accounted for by assuming that the free radicals produced in photode- 
composition serve as nuclei around which polymerization occurs. 



Fig. 2 . Decomposition quantum yields of acetaldehyde, propionaldehyde, and isobutyr- 
aldehydc at several wave lengths distributed over the absorption region. 


Of the saturated members of the aldehyde family acetaldehyde has received 
more photochemical attention than all the others put together. It is the typical 
aldehyde of the general formula ECHO, and, in a broad sense, information ob- 
tained from a study of it may be applied to the other compounds of the series. 
Exceptions to this statement may be found, of course, but if one is to obtain an 
over-all concept of the photochemistry of the aldehydes in a short time he must 
not mire down in details. It is reasonable to suppose that most apparent ex- 
ceptions will turn into logical variations, as more and better data are obtained. 
We shall follow the lead, therefore, of Rollefson and Burton (23), Noyes and 
Leighton (22), and finally, Steacie (25), all of whom have given a prominent 
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Fig. 3. Showing the variations of the molecular extinction coefficients (irregular curve) 
of crotonaldehyde and quantum yields of decomposition (smooth curve) with wave length. 
The quantum yields were obtained at 245®. 
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Fig. 4. Showing the relationship between the character of absorption (irregular curve) 
and quantum yields of polymerization (smooth curve) of acrolein. 
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place to acetaldehyde in their books on photochemical and free-radical reactions, 
and focus our attention for the remaining time on this compound. 

Two important chemical processes are reported to occur when acetaldehyde 
is irradiated. One is referred to as decomposition and the other as polymeriza- 
tion. There is a strong tendency among us to treat the polymerization as an 
unfortunate nuisance, to ignore it as much as possible, therefore, and to confine 
our attention to the cleaner and more easily handled gaseous products. Only 
under certain circumstances is such an approach justified. 

One of these is high-temperature photolysis. At 310°C., where thermal dis- 
sociation may be neglected, Leermakers (17) found that approximately 300 aciet- 
aldehyde molecules decompose for each quantum absorbed. This is evidence 
that a chain mechanism is operating, involving most certainly some free radicals. 
Leermakers chose to assume that the primary dissociation is into a methyl and 
a formyl radical, followed by one or more of the chain possibilities which can be 
formulated from the following equations: 


CHaCHO + hv--^ CHa + CHO (lb) 

CnO CO + IT (2) 

H + CHaCHO Ha + CHaCO (3) 

CHaCX) CHa + CO (4) 

CHa + (CHaCHO CH 4 + CH 3 CO (5) 

CHa + CHa tWe (fi) 

CHO + CHaCHO CH 4 + CO + Clio (7) 

CII 3 + CHO ^ 0114 + CO (8) 


These equations an* almost identical with those proposed by Rice and Ilerzfcld 
for the thermal dissociation of this compound; as we review the subject it would 
be surprising if this were not so. High quantum yields, without condensation, 
are difficult to visualize without a radical mechanism. Once radicals are formed 
in a primary process there is little reason to suppose that the influence of this 
photochemical act will be felt very far down the chain. A chain process, in order 
to go far, must be self sustaining, and it makes little difference whether it was 
initiated by the absorption of a photon or by an unusually energetic molecular 
collision. 

At elevated temperatures the only decomposition prcxlucts definitely estab- 
lished are methane and carbon monoxide. Hydrogen was included by Leer- 
makers partly to acjcount for a residual gas volume and partfy because it had 
been found in the room-temperature photolysis of aldehydes (19, 20). At best, 
only a small percentage of hydrogen can be expected at high temperatures, per- 
centages so small as to be within the probable limit of error of ordinary chemical 
methods of analysis. Yet a qualitative proof of the presence or absence of traces 
of hydrogen might throw considerable light on reactions 2 and 3. In the labora- 
tory of the author, such a proof is to be sought with the aid of the mass spectrom- 
eter. If hydrogen is found, we can only say that one or more of several reactions, 
including 2 and 3, are not ruled out. The complete absence of hydrogen gas 
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would indicate that atomic hydrogen is not formed in the system either as a 
primary or as a secondary product. 

Leermakers’ equations include two cyclic processes, equaticais 4 and 6 con* 
stituting one, and equation 7 the other. If hydrogen is found in an amount 
equivalent to the photons absorbed, the likelihood of equation 7 being im- 
portant would diminish. In any event there is little evidence to be found in 
support of number 7. 

As chain-breaking reactions, two alternatives are given — equations 6 and 8. 
It has been shown by chemical analysis that ethane is not a photolysis product 
at room temperature (8). Mr. R. K. Brinton in our laboratory has confirmed 
this result in recent weeks by means of the mass spectrometer. It does not 
follow, however, that reaction 6 is not important at elevated temperatures where 
reaction 4 doubtless almost always occurs. Nevertheless, after consideration 
of a number of factors, Leermakers was inclined to favor equation 8 over 6 as a 
chain-terminating step. 

Primary dissociation into other radicals, such as hydrogen atoms and acetyl, 
would give secondary reactions similar to the ones used above and would explain 
the experimental facts equally well. Also, as far as over-all products are con- 
cerned, some dissociation directly into the stable molecules methane and carbon 
monoxide would make no difference at elevated temperatufes. Such dissocia- 
tion would, however, have a bearing on the average chain length. For example, 
if no such process occurred in Leermakers’ experiments quoted above, the aver- 
age chain length was 300. If, on the other hand, 50 per cent of the primary 
dissociation was by a non-radical mechanism, the chains averaged 600 cycles in 
length. It is important to know, therefore, more about the initial photochem- 
ical steps. 

From studies at lower temperatures considerable has been learned about the 
probable primary processes. Much work has been done in a temperature range 
of from — 40°C. to -f-150®C. Some of the data are conflicting; nevertheless, 
the over-all picture seems to be developing in a logical manner and there is no 
sharp demarcation between high-temperature and low-temperature mecha- 
nisms. One mechanism blends into the other as the various secondary reactions 
change in relative importance with temperature. 

As the temperature is decreased the photolysis products become more com- 
plex, and at room temperature a condensed product must be reckoned with. 
For the most part this is a polymer of the original aldehyde. Its formation 
appears to be promoted by free radicals in the manner indicated previously for 
acrolein. A complete study of this so-called polymer has not been made. 
However, a partial analysis of Uie acetaldehyde condensate has revealed the 
presence in relatively small amounts of biacetyl, glyoxal, and formaldehyde (1). 
The amounts of these compounds relative to carbon monoxide found at three 
different temperatures are given in table 1. The variation of products with tem- 
perature should be noted. Tests for acetone and methylglyoxal, which can be 
postulated as other products, were negative. It may be noted that carbon 
monoxide, methane, and hydrogen were the only non-condensible products 
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found. An extensive search again revealed no ethane and, as stated before, in 
a study which is in progress now, the mass spectrometer has substantiated the 
chemical analyses. No unsaturated hydrocarbons were detected. On the basis 
of these results and many others involving quantum yields for the most part, 

TAIiLE 1 


Relative number of niolee of ueelaldehyde photolyeis products hosed on unit carbon monoxide 

ns a standard of comparison 


TEIfF£&ATU&£ 

CARBON' 

UONOXU>£ 

FfYDROGEM 

1 

METHANE 

1 

! 

BIACE TYT- 

1 

1 ' 

GLYOXAL 

1 

FORMALDEHYDE 

- c . j 

25 

1.00 i 

0.063 

i 

0.87 

i 

0.084 

0.014 

1 0.018 

60 

1.00 

0.049 

0.92 

0.012 

0.0076 

i 0.0022 

102 

1.00 

0.033 

0.94 

0.007 

0.000 

' < 0.0015 

1 


the following processes have been set forth in an attempt to account for all 
detected photolysis products except, of course, the polymer: 


CH 3 CHO + Ay CH, + CO (la) 

CHaCHO + Ay-> CHs + HCO (lb) 

HCO + CHsCHO Jh + CO + CH 3 CO (2) 

CII, + CHsCHO CH 4 + CH 3 CO (3) 

CHsCO + M CH, + CO + M (4) 

2CH,CO->(CH,CO), (5) 

2HCO-^ (HCO)* ( 6 ) 

2HCO-.HCHO + CO (7) 

CH, + HCO CH 4 + CO ( 8 ) 


This is a marked expansion over the original concept of low-temperature acetal- 
dehyde photolysis, in which it was considered that activation followed prin- 
cipally by polymerization occurred in the banded absorption regions and that 
dissociation by reaction la occurred in the continuum (24). The discovery of 
hydrogen as a product (19, 20) first forced the consideration of free radicals as 
primary products, which in turn enter the appropriate secondary processes to 
give the observed final products. As more products were identified, the equa- 
tiods have increased until we have what is shown here. It must be emphasized 
at once that other mechanisms may be postulated to account for most of the ob- 
served products and that the equations given should be regarded simply as postu- 
lates for discussion purposes and as aids in planning new experiments. Equa- 
tirnis 6, 6, and 7 me given to account for the formation of biacetyl, glyoxal, and 
formaldehyde, respectively. They involve bi-free-radical processes and occur 
less frequently as temperature is increased and the radicals are used in other 
reactions. From the data given in table 1, it is evident that they vanish almost 
completely from the system at lOC’C. and certainly would be of no consequence 
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in high-temperature photolysis. This is true, of course, because high tempera- 
ture favors the reaction of these radicals in other ways. 

For example, at 300®C. it is reasonable to suppose, as Leermakers did, that the 
formyl radical will dissociate somewhat readily into carbon monoxide and a 
hydrogen atom, the hydrogen atom then reacting with the aldehyde to give stable 
H 2 * Most estimates agree, however, that 20-30 kg.-cal. per mole are required 
to dissociate the formal radical (25) ; consequently it should be thermally fairly 
stable at room temperature. To account for the hydrogen gas, therefore, reac- 
tion 2 above is given. This reaction can be recognized as a combination of two 
of Leermakers’ reactions, wherein the postulation of atomic hydrogen is elimi- 
nated. It explains the facts but requires much more study. So far no one has 
devised an unambiguous test for it. 

Reactions 3 and 4 constitute one of the chain processes postulated for elevated 
temperatures. It continues to operate slowly at room temperature with an 
apparent activation energy of 8 or 9 kg.-cal. for the over-all process. Some evi- 
dence for these equations has been obtained by mixing acetaldehyde with azo- 
methane and irradiating the system with a wave length, 3660 A., which is ab- 
sorbed by azomethane and not by acetaldehyde (7). When a relatively high 
ratio of acetaldehyde to azomethane is present in the vsystem, carbon monoxide 
is found as a photolysis product. This is interpreted as meaning that methyl 
radicals, which are known to be produced by the irradiation of azomethane ( 12 ), 
initiate the cycle, i.e., equations 3 and 4. Not until the acetaldehyde to azo- 
methane ratio was greater than 8 to 1 was more than a trace of carbon monoxide 
produced. This means that the rate-determining step of the cycle must have 
an appreciably higher activation energy than the corresponding reaction of 
methyl radicals with azomethane. 

In reactions such as 2 and 3 it has been somewhat tacitly assumed always 
that it is the aldehyde hydrogen which is attacked by the radicals. By sub- 
stituting deuterium for this hydrogen we hope to test this point. If equation 
2 goes as indicated, D 2 gas should be obtained. If, on the other hand, DH gas 
is found wholly or in part, some revision of the mechanism will be necessary. 
Likewise in the same experiment, if some CH 4 is obtained instead of CHsD we 
shall have evidence that the methyl radical may attack the hydrocarbon end of 
the aldehyde molecule. 

Reaction 8 is included without evidence, except that it enables us to arrive at 
a better material balance of the products reported. The question will be raised, 
why not use equation la equally well? That brings us to the last topic to be dis- 
cussed: namely, the primary processes. 

At certain wave lengths, at any rate, a third primary dissociation into acetyl 
radicals and hydrogen atoms is energetically possible in addition to processes la 
and lb given above. It has been omitted, partly because there is no experi- 
mental evidence which requires that it be a part of the mechanism, and partly 
because there is some evidence that it does not occur in fact. For example. 
Burton has reported no detectable atomic hydrogen by the metallic mirror tech- 
nique (11). Also, no acetyl iodide has been detected when photolysis was 
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carried out with iodine in the system (3, 4). By analogy with acjetone we 
should expect to find acetyl iodide if such a primary process occurred to any 
great extent. 

Concentrating on the two primary processes given above, therefore, we find 
that they have been the subjec^t of considerable variation of opinion. At first, 
reaction la was adequate to explain the available facts. With the discjoveiy of 
hydrogen as a product, reaction lb was postulated. When it was learned that 
the hydrogen increased with decreasing wave length, as shown by the ratio 
of hydrogen to carbon monoxide, it was naturally assumed by some investi- 
gators that reaction la predominates at long wave lengths and reaction lb 
becomes increasingly probable at shorter wave lengths. This idea was sup- 
ported by some exploratory work with metallic mirrors (18). 

However, full ertidit should bo given to Gorin (14) for pointing a way to lest 
the efficiency of both reactions la and lb. lie showed that by adding sufficient 
iodine vapor to the system, both the methyl and foimyl radicals are eliminated 
completely and no secondary" reactions can occur. With iodine the methyl 
radical gives methyl iodide and the formyl radical gives hydrogen iodide and 
carbon monoxide. From the limited number of experiments which he was 
able to perform he concluded: (1) that both reactions la and lb occur at wave 

o o 

lengths of 3100 A. and 2()(X) A., but that reaction la, and not lb, becomes more 
important at shorten wave lengths, and (£) that at both wave lengths the sum 
of the (luantum yields of reactions la and lb approximated unity. 

lliest* experiments ha\'e Ix'en repeated and extended considerably in our lab- 
o^ator3^ Our results are not always in agreement with Gorin’s; nevertheless 
our basic conclusions arc not greatly different. The effectiveness of iodine in 
stopping secondary processes is shown in figure 5, in which (quantum yields are 
plotted against temperature at the wave lengths 3130 and 2G54 A. for experi- 
ments both with tind without iodine. The quantum yield of carbon monoxide 
is a measure of the sum of the quantum yields of both reactions la and lb. In 
the presence of sufficient iodine the quantum yield of methane is a measure of 
the quantum yield of reaction la and the quantum yield of methyl iodide is a 
measure of the quantum yield of reaction lb. The sum should equal that of 
carbon monoxide. Within the limits of experimental error, which still are 
rather large, that relationship has been found to be true, as shown in figure 6. 
The fact that the quantum yields of methyl iodide are apparently constant at 
values well below unity for iodine pressures above 1 mm. indicates strongly 
that activated aldehyde molecules do not react with iodine vapor at low tem- 
peratures. It may be noted that at 3130 A. reaction lb predominated almost if 
not entirely to the exclusion of reaction la. However, at X 2654 reaction la 
occurs almost as frequently as lb. In fact, at X 2380 it has been found that 
the two primary reactions do have an equal probability of occurring. 

It should be noted also that at no wave length studied does the sum of the 
quantum yields of reactions la and lb equal 1. At X 3130 only about 20 per 
cent of the absorbed energy causes decomposition. Fluorescence accounts for 
a little of the remainder, but the be^t estimates indicate not more than 3 or 4 




Fio. 5. Quantum yields of carbon monoxide production from acetaldehyde V9. tempera- 
ture, with and without iodine present and at two different wave lengths. 



Fi 0 . 6. Quantum yields m. iodine pressure at X 3130 and X 2664; acetaldehyde pressure, 
200 mm.; temperature, 60®C. 
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per cent. The bulk of the energy at this wave length must therefore be dis- 
sipated thermally. At shorter wave lengths the amounts lost in this way become 
dimmishingly less. 

In conclusion it should be emphasized again that without doubt much re- 
mains to be learned about the photochemistry of the aldehydes. However, the 
establishment of the primaiy processes with reasonable certainty should give us 
a better foundation upon which to build than we had before. In the study of 
other compounds it seems reasonable that much time and unnecessary experi- 
ments might be saved by attempting to go more directly to the primary processes 
than we have been in the habit of doing in the past. 
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The ketones have been the subject of numerous photochemical investigations, 
largely because they absorb in a convenient part of the spectrum and because it 
seemed, from early work, that the products would be simple and easily identi- 
fiable. The simple aliphatic ketones all absorb, in the vapor phase, from about 
2300 to about 3!^ A. Other absorption regions are present below 2000 A., but 
few studies of the photochemical behaviors of these compounds have been made 
at these short wave lengths. 

The photochemistry of the simple ketones has been reviewed (6) recently, 
and there is no point in repeating all references to the literature of this subject 
at the present time. Acetone does show some evidence of banded structure in 
its spectrum in the region from about 2900 A. to about 3200 A. (25, 26, 27). 
Available information indicates that such a stmeture is not found in the near- 
ultraviolet spectra of any other ketones, although discrete bands are found for 
those investigated in the far ultraviolet (10, 11, 12, 13, 19, 27, 28, 29). 

It is impossible from existing data and from the present state of knowledge 
to draw any precise conclusions from spectroscopy concerning the primary 
process during optical absorption. Acetone does fluoresce both in the blue and 
in the green parts of the spectrum, the latter result being due undoubtedly to 
biacetyl (2, 20, 21), which is a common impurity in acetone and which is syn- 
thesized photochemically when acetone is exposed to ultraviolet light. The 

r en fluorescence seems to be excited by all wave lengths between 3130 and 2537 
(5, 17), but no corresponding information exists as regards the blue, which is 
only known definitely to be excited by 3130 A. radiation. The absence of 
fluorescence when radiation below 2000 A. is used (17), the excitation at least of 
green fluorescence by 2537 A. radiation where all indications of structure in the 
absorption spectrum have disappeared, and the existence of weak fluorescences 
in methyl ethyl ketone (21) and in diethyl ketone (21), neither of which has been 
shown to have a discrete absorption spectrum, all tend to prove that the appear- 
ance of the spectrum of a polyatomic molecule is not a safe guide as to whether 
the absorption of light leads to excitation, to predissociation, or to immediate 
dissociation. 

The weak blue fluorescence observed in acetone is probably to be ascribed to 
the acetone molecule itself for the following reasons (18) : (a) It is observed in 
acetone in a flow system which does not permit of accumulation of products of 
reaction (2) ; (6) it is observed with oxygen present and thus under conditions 
which prevent biacetyl synthesis (2, 6); (c) it is observed at temperatures up to 
200‘’C. at which no biacetyl is formed (16). Since the fluorescence efficiency for 

^ Prosented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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the blue is independent of the intensity of the exciting light (18), it seems prob- 
able that the radiation is from excited acetone molecules and not from a recom- 
bination spectrum of some sort. Part of the radiation absorbed, at least at 3130 
A. and probably also at other wave lengths, must produce excited molecules. 

At room temperature the quantum yield of acetone decomposition is low ( 6 ), 
but it has been shown (5) that fluorescence cannot be mainly responsible for this 
low yield. The fact that there is an appreciable blue fluorescence at 135°C. 
(18), where the quantum yield of carbon monoxide formation from acetone is 
well within the experimental error of unity, is further proof either that the yield 
of excited molecules in the primary process is very small or that the majority of 
these molecules dissociate under ordinary experimental conditions. 

More information is needed concerning the character of the blue fluorescence 
in acetone. The only photographs have been obtained ( 2 , 5, 18) under condi- 
tions which would make detection of any structure most unlikely. Owing to the 
low intensity, spectrographs of low dispersion have been used, often with wide 
slits. At present no evidence of structure exists, although there is one slight 
maximum near 4600 A. The limits of emission are from about 3850 A. to about 
5000 A. If the emission is truly continuous (i.e., if the apparent absence of 
structure is not due to a great deal of overlapping structure) when obser\^ed 
under high dispersion with high resolution, either the upper or the lower state 
must be repulsive. A repulsive upper state is improbable because blue fluores- 
cence is observed at temperatures where the (H 3 CX) radical is very unstable 
(16, 18). A repulsive lower state must separate into ethane and carbon monox- 
ide, since insufficient energy remains after emission of any of the above wave 
lengths to permit any other mode of dissociation (18). 

The effect of pressure on the quenching of the blue fluorescence (18) indicates 
that at least two upper levels must be involved, one of much longer life than the 
other. The long-lived state must be insensitive to collisions with acetone, al- 
though it must l)e deactivated or dissociated with greater probability at high 
temperatures than at low. In view of the photochemical data at high tempera- 
tures dissociation is more probable than simple deactivation. 

The following conclusions concerning the primary procsess in acetone are 
derivable from all of the facts at our disposal: (a) Some excited molecules are 
formed at 3130 A. and perhaps at other wave lengths, (b) Either the number 
of excited molecules formed is very small, or they must dissociate, particularly 
at high temperatures, (c) A very high efficiency of production of methyl rad- 
icals is probable, because at high temperatures about 1.4 molecules of methane 
are produced per quantum absorbed by acetone (1,7). (d) Direct dissociation 

into ethane and carbon monoxide cannot be proved until further efforts have 
been made to detect structure in the emission bands, (e) A primary dissociation 
into CH5 and CH3CO at room temperature is indicated by the synthesis of 
amounts of biacetyl dependent on experimental conditions. (/) The instability 
of CHsCO depends both on wave length and on temperature ( 6 , 30). (g) No 
conclusive evidence for or against a primary dissociation into ethane and carbon 
memoxide has been found ( 6 ). 
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A great many secondary steps have been suggested to acccnmt for the photo- 
chemical decomposition of acetone. The general picture is now quite clear, 
althou^ there are some disagreements as to details. In view of excellent re- 
views recently published there seems to be no point in discussing these steps in 
detail. One matter, however, needs further attention. There is evidence from 
several sources (2, 5, 18) that biacetyl does not accumulate indefinitely in acet<me 
exposed to radiation at room temperature. Since the spectrum of biacetyl is 
excited to a high intensity when its pressure is quite low (2, 20), it probably re- 
ceives energy from excited acetone molecules. This may cause it to dissociate 
part of the time. That this is the case is indicated by two effects: (a) collisions 
enhance rather than quench the green fiuorescence; (b) the green fluorescence of 
“acetone” grows weaker rapidly as the temperature is raised. 

Pure biacetyl excited by the 3660 A. line of mercury shoAvs an abnormal change 
of fluorescence efficiency with pressure, i.e., the efficiency increases as the 
pressure increases (3, 15). This same effect is observed for the green fluores- 
cence in acetone (18). The lifetimes of the green emitter in acetone and of the 
emitter in biacetyl have been shown to be the same (2). Excited biacetyl mole- 
cules produced under these conditions must be able to dissociate (or at least pass 
into a state incapable of fluorescence) unless they lose some energy by collision. 
If this is true, collisions involving sufficient energy should be able to raise meta- 
stable or excited biacetyl molecules to states capable of dissociation. In this way 
the absence of green fluorescence at 135®C. in acetone, even when biacetyl is 
present, can be explained. 

From the above discussion it can be concluded that dissociations of excited or 
metastable molecules must be considered in any complete picture of the photo- 
chemistry of acetone and of biacetyl. The distinction between molecules which 
absorb when they are in higher vibration levels of the ground state and those 
which acquire energy by collision after they are activated is one which cannot be 
investigated except with diatomic and very simple polyatomic molecules. The 
temperature effect on fluorescence can be explained qualitatively either way, 
providing predissociation is more probable in higher than in lower vibration levels 
of the upper state. The character of the blue fluorescence in acetone is such 
that the initially formed state is quenched by collisions, whereas the green re- 
quires the reverse to be true for the initially formed excited state of biacetyl. 
These facts are best explained as due to the effect of collisions on transfer be- 
tween upper levels. Since this explanation is equally effective in dealing with 
the temperature effect, it is tentatively accepted. The long lifetimes of the 
upper state of biacetyl (1.5 X 10”* sec. (2)) and of acetone (>10”‘ sec. (18)) 
are ample for collisional effects on the upper state to be important. 

Brief mention will be made in conclusion of only two other ketones: diethyl 
ketone and methyl »-butyl ketone. While diethyl ketone does show a weak 
fluorescence (21) (probably due to bipropionyl), the quantum yield of carbon 
mmioxide formation is very close to unity and independent of temperature (8, 
14). The primary dissociation must have a yield very close to unity. If the 
products of the primary dissociation are C 2 He and COCjHs, the latter radical 
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must be sufficiently unstable even at room temperature to give carbon monoxide 
virtually 100 per cent of the time. The fluorescence, which is probably identical 
with that of propionaldehyde (21), may be due to bipropionyl and be excited by a 
very small number of excited diethyl ketone molecules produced in the primary 
process. No detailed studies of this fluorescence have been made. 

The decomposition of methyl n-butyl ketone has been studied by Norrish and 
his coworkers (4, 22, 23, 24), who gave strong evidence that a substantial portion 
of the primary process yields acetone and propene without there being inter- 
mediate free radicals. This point of view is further supported by the invariance 
of the yields of these compounds with temperature from 25W to 300°C. (9). 
Analogous behavior has been found for other ketones all of which have at least 
one alkyl group three or more carbon atoms in length. These molecules consti- 
tute the best examples of primary dissociation into completed molecules as dis- 
tinguished from free radicals. For steric reasons, events of this type are more 
probable with long alkyl groups than with short, particularly since the carbon- 
carbon bond broken is not the one adjacent to the carbonyl group. 

In this brief discussion we have made little or no mention of secondary proc- 
esses. Even in the case of acetone so many have been suggested that a study of 
the kinetics l>ecomes hopelessly complex, and definite conclusions concerning the 
complete mechanism cannot be reached on such a basis alone. Other means of 
proving or disproving individual steps must be used: mirrors for reaction with 
radicals; use of iodine, nitric oxide, unsaturated compounds, etc. for reaction with 
radicals; introduction of radicals from other sources; fluorescence; wall effects; 
spectroscopy, to mention only a few. Even these aids to reaction kinetic studies 
do not always furnish proof free from all doubt concerning individual steps. 
Neither experimental evidence nor theory predicts much about reactions be- 
tween excited molecules and other molecules. 

Data on the photochemical reactions of complex molecules must cover many 
variables. The precision is often poor because of experimental difficulties. As a 
result most mechanisms cannot be established in detail beyond a reasonable 
doubt. However, one can and should avoid as far as possible the postulation of 
steps which violate common sense and which are so vague and unsupported by 
evidence that no experimental method can be devised either to prove or to dis- 
prove them. Generally speaking, one should start with a simple mechanism 
and complicating steps should be added only when such steps have been proven 
absolutely necessar>\ 


SUMMARY 

1. Acetone is the only ketone which shows positive evidence of structure in 
its spectrum at wave lengths longer than 2500 A. 

2. The appearance of the spectra of complex molecules (particularly those of a 
low order of symmetry) is not a safe guide to the nature of the primary process, 

3. Studies of the fluorescence of acetone indicate that, at least at 3130 A. 
and perhaps at other wave lengths, some activated molecules are produced in the 
primary process. 
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4. Both excited acetone and mcited biaoetyl molecules can dissociate as a 
result of additional energy acquired by collisions, thus making the yield of the 
primaiy dissociation dependent on temperature and, to some extent, on pressure. 

5. No positive evidence exists that simple ketones can dissociate directly into 
completed mcdecules, but a further study of the fluorescence may provide addi- 
tional information on this point. 

6. Ketones possessing long alkyl groups apparently do dissociate into com- 
pleted molecules in the primaiy process. 

7. The difficulties of proving all details of the mechanisms of ketone decom- 
position beyond a reasonable doubt are pointed out. 
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INTRODUCTION 

A study of the effects of alpha particles and deuteroiis on organic compounds 
has been carried on at the Massachusetts Institute of Technology for the past 
five years as part of a general program of research concerning the possible role 
of radioactivity in petroleum genesis. This work is one phase of a project on 
the origin of petroleum being sponsored by the American Petroleum Institute. 
Biochemical and other factors are being studied at the Scripps Institute of 
Oceanography. in California and at the Pennsylvania State College. 

High temperatures and pressures have long been considered important sources 
of energy for the formation of petroleum in nature. Recently, however, Treibs 
(13, 26, 31, 32, 33) discovered certain porphyrins in crude oils. The ratio 
between these porphyrins and their decarboxylated analogues indicated that 
temperatures above 250°C. or 30()®C. were precluded. No evidence that high 
pressure is a factor in petroleum formation has yet been offered. 

The suggestion that radiations from the radioactive constituents of sedimen- 
tary rocks might be a source of energy for the conversion of gaseous paraffins 
to petroleum was first made by Lind and Bardwell (19, 20, 21) about twenty 
yearn ago. While agreeing that radiation is a potential source of energy for 
geocliemical conversions, Bell, Gocxlman, and AMiitehead (3) stated in 1940 
that the formation of petroleum from gaseous hydrocarbons is unlikely from 
geological considerations. Rather, they suggested that a more reasonable 
process for petroleum formation by radioactivity would be through the de- 
composition and conversion of the solid and semi-solid organic compounds in 
marine sediments. 

When it appeared from preliminary coDsiderations that radioactivity may 
play an important rdle in petroleiun genesis, American Petroleum Institute 
Project 43C was established at the Massachusetts Institute of Teclmology to 
investigate the effects of alpha particles, deuterons, and neutrons on pure organic 
compounds and on complex organic extracts from marine sediments. 

In onier to evaluate quantitatively the role of radioactivity in petroleum 
genesis, it is first necessarj^ to establish the distribution and content of radio- 
active elements in sediments bearing organic source materials. Experiments in 

^ Presented at the Symposium on Radiation Chemistry and l*hotochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 

* Contribution from American Petroleum Institute Research Project 43C, >vhich is 
located at the Massachusetts Institute of Technology: W. L. Whitehead, Director \ Clark 
Goodman, Physical Director. 
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this direction have been carried out for the past few years under the sponsorship 
of ibe Geol(^ical Society of America, and will be reported in the near future. 

ALPHA-PARTICLE BOMBARDMENTS 

Radon, which is an excellent source of alpha particles, was especially useful in 
this research, since alpha particles accoimt for more than 76 per cent of the energy 
liberated by terrestrial radioactive elements (1). Since the half-life of radon is 
only 3.85 days, chemical work on the bombarded material can be postponed until 
the dangerous initial activity has decayed to a negligible level. On the other 
hand, the decay rate is not so rapid as to make measurement of the amount of 
radon introduced into the bombardment vessel difficult. 

The procedure for bombarding organic compounds with the alpha particles 
from radon was recently reported by Sheppard and Whitdiead (28). The 



Fio. 1. Apparatus for the bombardment of organic Bubstances by the alpha parUcles from 
radon. 

material to be bombarded was coated on the inner wall of a 250-ml. Pyrex bulb 
(figure 1) to which was attached a manometer (M) and a side chamber (C). 
The stem was provided with a hook seal (A) of thin glass tubing which could 
be broken by a magnetic plunger at the time of analysis. After the needles 
were inserted into the side chamber, the system was evacuated throu^ B and 
then scaled off at that point. By careful shaking, the glass needles (R) were 
brcficen under the impact of a glass pellet. The side chamber w'as next heated 
to facilitate the transfer of the radon into the larger volume of the mnin bulb, 
and was then sealed off and removed. The bulb was next set aside for about 
8 hr. to allow the radioactive deposit from the radon to attain equilibrium. 
Measurements and calculations were then made to determine the quantity of 
radon originally introduced into the bulb. 

Preliminary irradiations were carried out by exposing small quantities of 
fatty acids to the alpha particles from 100-millicurie sources of radon. Fatty 
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acids were chosen for these studies, since Wells and Erickson (38) and Trask 
and Wu (30) had shown the presence of 2-34 parts of fatty acid per 100,000 
parts of marine sediment. Clarke and Mazur had, moreover, foimd the ether- 
extractable lipids from diatoms to contain from 60 to 80 per cent of free fatty 
acids (11). Since these straiglit-chain fatty acids, tentatively identified by the 
above investigators as ranging from capric (C9H19COOH) to mellisic (C29H59- 
COOH), are among the simplest organic substances found in petroleum source 
beds, initial studies were begun on this class of compounds. 

Although acetic acid, owing to its water solubility, would be found in source 
sediments only in interstitial or connate \\'aters, it was, nevertheless, bombarded 
in an effort to establish the conversion pattern for acids. As shown in table 1, 
which is taken from a paper by Sheppard and Burton (29), decarboxylation 
resulting in the hydrocarbon methane was a predominant reaction. Since these 
results appeared promising, fatty acids of varied chain lengths were irradiated. 

TABLE 1 


Gaseous products from bombardment of fatty acids toiih alpha particles 


CONSTITUENTS 

VOLUME P? R CENT 


Acetic 

Caprybe 

Lauric 

Palmitic 

H, . 

18 

33 

42 

48 

CO 2 

37 

51 

41 

34 

CO. 

22 

10 i 

11 

6 

HiO* 


3 1 

4 

10 

CH.* 

20 

0.7 

0.6 

0.4 

CsH.* 

3 7 ! 

1.0 

0.5 

0.6 

CsH,* 


i 0.4 

0.1 1 

0.1 

C.Hio* 

I 

! 0.7 

0.2 

0.8 


* MasS'Spcctroinetric analyses. 


The gas from each of these experiments was analyzed (table 1), and in the case 
of lauric and palmitic acids the hydrocarbon produced was isolated. By means 
of physical properties the residue from lauric acid was identified as undecane 
and that from palmitic acid as pentadecane. Data on the two isolated hydro- 
carbons are sho\Mi in tables 2 and 3, which ai*c also taken from tlie paper by 
Sheppard and Burton. 

Kinetic measurements on capric, caprylic, lauric, and palmitic acids indicated 
that gas production in the initial stages of the irradiation was proportional to 
the fraction of radon decayed. This is shown for a typical palmitic acid bom- 
bardment in figure 2. As the pressure of the gas increased the relationsliip 
became non-linear, owing to partial absorption of the radiation in the 
gas produced. 

During the fatty acid phase of these investigations, which are further dis- 
cussed by Honig (16), a number of other alpha bombardments were carried out 
on compounds which warranted study in connection with the genesis of petro- 
leum. Gas analyses for several of these irradiations are sliown in table 4. 
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TABLE 2 

Liquid product from laurie acid 


PHYSICAL PEOPEXTIES LIQUID PftODTJCT «>-VN»tCANX (12) 


di* 

0.730 

0.7402 

so 

nv 

1.4178 

1.4173 

Uw ~*nc ... 

0.0072 

0.0070 

Per cent carbon . 

84.6 

84.6 

Per cent hydrogen. ... ... 

14.9 

15.4 

Molecular weight ... ... 

152 

166.3 

Boiling point, 

196.5 

195.8 

Melting point, °C 

-26.3 1 

-25.6 

Double bonds per molecule 

0 

0 

TABLE 3 



Liquid product from palmitic acid 


PHYSICAL PSOPEXTIES | 

LIQUID PRODUCT 

n-PENTADECANE (2. 12) 

di" i 

0.7670 

0.7689 


1.4323 

1.4326 (2) 

so to t 

np — nc .... 

0.0081 

0.0076 

Per cent carbon . . ! 

84.6 

84.8 

Per cent hydrogen i 

15.4 1 

16.2 

Molecular weight . . . j 

209 j 

212.2 

Boiling point, °C | 

273.0 i 

272.7 

Melting point, ®C. . j 

7-8 i 

10.0 

Double bonds per molecule . ! 

0 1 

0 



PERCENT RADON DECAYED 

Fig. 2. Bombardment of palmitic acid by alpha particles; 
gas formation curve 
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Hexadecane and octacosane were bombarded to determine the effect of radia- 
tion on the hydrocarbon formed during a fatty acid decarboxylation. In each 
case the gaseous products were analyzed and were found to consist of approxi- 
mately 95 per cent of hydrogen and 5 per cent of gaseous hydrocarbons. No 
liquid hydrocarbons lighter than hexadecane or octacosane could be distilled 
from the bombarded residue. 

Since it is uncertain as to whether acids exist in sediments mostly in the free 
state or as calcium or sodium salts, calcium palmitate was prepared and ir- 
radiated by alpha particles. Gas analysis indicated a lesser degree of decar- 
boxylation than in the case of the free acid; hydrogen, however, was liberated 
to a much greater extent. Far less gas was formed here than with the free 

TABLE 4 

Gaseous products from alpha-particle bombardments 


VOLUME PER CENT 



H. 

CO2 

CO 

H2O 

. 

CHi 

CjHe 

Call* 

C.H,. j NH, 

Hexadecane. . . 

95.5 




0.9 i 

1.0 

1.0 

1.3 , 

Octacosane 

94.3 







j 

Calcium palmitate . . . 

82.5 

11.7 

1.8 


1.5 




Cetyl palmitate 

85.0 

4.0 

3.0 

1.8 

1.0 

1 0 

1.0 





9 1 


0 fl 1 




Glycine 

19.0 

55.8 

6.5 

2.5 

4.8 



,> .u— 

— i 11.4 

Triinethylacctic acid . . 

31.0 

47.0 

10.0 

2.0 

7.0 : 

1.0 

3.0 

— 1 

Cholesterol . . . 

89.1 i 

1-1 1 

' 2.1 

2.5 j 

4.6 

0.2 

0.4 1 


Octadecyl alcohol . ... 

90.3 j 

1.3 ; 

3.7 

3.2 j 

0.6 ' 

0.4 1 

0.5 1 

j 

Dodecylamine . . 

69. 0 

1 


1 1 

1 

1 


1 31.0 

Hexame thy le aedi am i ne . 

63.1 

1 

1 


i 

1 


j 

1 33.7 

Athabaska tar 

87.0 

i 



6.0 1 

4 

-7.0- 

^ 1 

Asphaltenes. . , 

1 93.0 

3.0 


1.0 

2.0 ; 

1.0 i 

: 1.0 1 

i 

Crude oil . 

1 91.0 

i 


i 

3.9 ; 

1 

‘ — 

-4.1- 

— * i 


acid. Small amounts of gaseous hydrocarbons were produced, but no hydro- 
carbon could be isolated from the residue. 

Cetyl palmitate, which has been reported in marine organisms (5, 18), yielded 
very little gas, of which 85 per cent was hydrogen and only 4 per cent carbon 
dioxide. Again, small amounts of gaseous hydrocarbons were produced. From 
the small amount of carbon dioxide liberated from cetyl palmitate and calcium 
palmitate, it appears that decarboxylation is dominant in the presence of a free 
acid. This may -be evidence that the resonance of the carboxyl group is signifi- 
cant in the decarboxylation mechanism. 

Scbacic acid was bombarded as an example of a dicarboxylic acid and, as 
might be expected, the gas formed from it contained a higher percentage of 
carbon dioxide than that from caprylic acid. The usual small quantities of 
methane and higher hydrocarbons were also produced. 

Irradiation of glycine, which was investigated as a simple unit of a protein 
molecule, led to the formation of a very small amount of gas which contained 
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56 per cent of carb<m dioxide and 11 per cent of ammonia. It is interesting to 
note that only 5 per cent of methane was formed, indicatii^ that very few 
molecules were both decarboxylated and deaminated. This might conceivably 
be an example of hydrogenation. When a small quantity of glycine was ir- 
radiated by deuterons, the yellow-brown product had a strong caramel-like 
odor which suggested that sugar formation might have taken place.. 

Anal3rsiB of gas produced during the irradiation of trimethylacetic acid showed 
a high percentage of carbon dioxide. Meth&ne and other gaseous hydrocarbons 
were also formed in appreciable quantities. Unfortunately no analysis was 
nm for isobutane. 

The gaseous products from cholesterol and octadecyl alcohol contained about 
90 per cent of hydrogen. In neither case, however, was there over several per 
cent of carbon monoxide and carbon dioxide. As usual, methane, ethane, and 
propane were found present. It was considered possible that the side chain in 
cholesterol might be split off, but this has not yet been thoroughly investigated. 
Octadecyl alcohol and sterols are especially interesting, since they have been 
identified in corals and sponges (4, 6, 7, 18, 37). From preliminary work it 
appears that the hydroxyl group in these alcohols is stable, and that the pre- 
dominant process is dehydrogenation. 

Gaseous products from dodecylamine or hexamethylenediamine contained 
approximately 33 per cent of ammonia and 65 per cent of hydrogen. Deamina- 
tion, therefore, appears to be a relatively easy reaction to carry out. 

Gilsonite, Athabaska tar, asphaltenes, and crude oil evolved fairly large 
quantities of hydrogen and small amounts of gaseous hydrocarbons, but no 
other data were obtained for these reactions. Samples of crude oil containing 
relatively high percentages of porphjrrins were chosen for this work, and it was 
established by ultraviolet studies that the porphyrins are unaffected by the 
radiation. 


DBUTKRON BOMBARDMENTS 

Since natural radioactive sources, such as radon, were frequently of insufficient 
intensity for practical chemical studies, an investigation was made to determine 
if the deuteron beam from the M.I.T. cyclotron would serve as a satisfactory 
substitute. This problem was approached both theoretically and experi- 
mentally by Sheppard and Honig (15, 27), the experipiental work consisting of 
parallel bombardments of methane and re-butane with alpha particles and 
deuterons. While it was not possible to prove the complete identity of the 
diemical effects of these two particles, it was demonstrated that the effects were 
very similar. The deuteron beam has, consequently, been employed where 
relatively large quantities of conversion products were required for complete 
identification. Alpha-particle bombardments, on the other hand, were reserved 
for pilot runs and kinetic measurements. 

Evidence was presented by Sheppard and Honig that the energy absorption 
is predominantly an electronic process, and that the energy is distributed among 
the various states of excitation and ionization of the reacting system in a mwner 
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which is indopondent of \hv charge and mass of the bombarding particle and 
only slightly dependent on its velocity. 

l^ciuipment for the cyclotron work lias now reached a fairly high degree of 
efficiency and v(*rsatility, and the improved licpiid bombardment chambers 
used in this work have been described in a recent article (17). 

Most r(*cent bombardments have been run with a gas-collecting system 
composed of three 3-liter bulbs and one 5-liter bulb. The entire (‘h amber-bulb 
system is evacuate<l, and the evolved gas is collected in four fractions over the 
period of t he run . ffy this means it is possible to determine from the gas analyses 
if any significant trend has taken place during the* course of the bombardment. 
A recently (hweloped re(*oj(ling manometer will mak(‘ available a record of the 
rate of gas formation during each irradiation. Observation of these curves will 
make it possibk' to stop bombardments before back-reaction takes place, i.e., 
before tlu' primary convcMsion products are present in sufficiently high per- 
centages so that they are affected by the radiation. 

Irradiation of solids in the cyclotron has been rather difficult. Since over- 
(‘xposuri' r(\sults in (*xtensi\e decomposition and charring, it has been necessary 
to develop a moving targi't holder capable of holding a relatively large (piantity 
of powd(M-. 

TIk' first solid target holder used in this research was described in a paper by 
llonig (17). This was capable of holding only 7 g. of solid material in one 
position, and of that sample only alxnit one-half was actually (exposed to the 
deuteron b(‘am. 

After car('ful consideration of a number of possible designs, the moving target 
shown in figure 3 was finally built. This consists of a rotating hollow drum 
about th(* jieripherv of which is packed the solid to be irradiated. The material 
is cook'd by uater ('iitering the interior of the drum through the hollow shaft, 
which in turn entei’s the gas chamber through a M’ilson seal. The powder is 
held in place by means of a strip of 2-mil (*opper foil. A small 1 R.r.M. motor 
set beyond the cyclotron magnetic field drives the drum through nearly 360*^ 
after which the dii'ection of rotation is reversed, an operation necessary to 
prevent fouling of the water lines. The rotating chamber, which is capable 
of holding about 35 g. of powder, is sliown in position in the cyclotron in figure 4. 
Complete dc'tails regarding this solid target holder, the gas-collecting bulb 
system, and th(' rc'cording manometer will be published in the near future. 

To prevent (‘hemical interaction and catal^dic effects, all bombardment 
(hamber surfaces or thermocouple junctions in contact with solid or liquid 
organic c()m])ounds were carefully gold-plated. 

One of th(' first large-scale deuteron bombardments was carried out to deter- 
mine the effects of radiation on a naphthenic acid such as is commonly found 
in naphthene-base crudes. These acids, several of which are shown in figure 5, 
are known to 0 (*cur in many crude oils in the range from 0.06 to 1.6 per cent. 
Although the majority contain cyclopentanc rings, cyclohexanecarboxylic 
acid, which was used in this work, has been isolated and identified in I^aku 
(25, 34, 35, 36) and California crudes (23, 35). Since the possibility of forming 
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Fia. 3. Revolving target holder for the bombardment of solid organic compounds by 
(leuterons. 
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cycloparaffins by radioactive decarboxylation of these acids was of particular 
importance to the radioactivity theory of petroleum genesis, several preliminary 
alpha bombardments were nm as pilot experiments. Identification of the 
conversion product as a mixture of saturated and unsaturated Cg hydrocarbons 
prompted a large-scale deuteron bombardment of the acid. This work, which 
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Fir.. 5. Selected naphthenic acids and major source 


was recently described in detail (8), led to the isolation of 3 g. of cyclohexane 
containing 12.6 per cent of cyclohexene. The entire yield was approximately 
3.5 per cent, based upon the acid irradiated. 

Analyses of the conversion products of this and other bombardments have 
been facilitated by the use of infrared spectra and a mass spectrometer. The 
course of analysis has occasionally necessitated the development of new types 
of micro and semimicro fractionating columns and molecular stills, some of 



560 


IRVING A. BREGER 


which were quite novel and will be described in the near future. Both orthodox 
and new uses of chromatography have been important in the purification of 
materials prior to bombardment and in the isolation of products after bombard- 
ment. 

Since large-scale work such as that carried out for the naphthenic acid may 
lead to the formation of minor reaction products in identifiable quantities, 
about 85 g. of caproic acid was irradiated in the cyclotron with the purpose of 
obtaining a material balance. This acid was chosen since its decarboxylation 
products, pentane and carbon dioxide, are easily determined by use of the mass 
spectrometer. All the gas evolved in the reaction was collected and analyzed, 
and the liquid residue which remained after recovery of unchanged caproic 
acid is being subjected to exhaustive chemical analysis. To date, evidence 
has been obtained that di-n-amyl ketone is a minor product of this reaction. 

Benzoic acid was irradiated in an effort to determine if the hydrogen usually 
evolved during the irradiation of organic substances would enter the double 
bonds of the ring to yield a hydrogenated product. The volume of gas formed 
was very small, but it is noteworthy that it consisted of 85 per cent of carbon 
dioxide and only 1.8 per cent of hydrogen. Several attempts have thus far 
been made to identify the cream-colored, infusible reaction product in an effort 
to determine the presence of hydrogenated bonds. To date, however, no evi- 
dence has been obtained that cyelohexanccarboxylic acid or cyclohexane rings 
were produced. 

Since hydrogen has been a major gaseous product of all reactions except this 
last one, and since natural gas associated with petroleum normally contains 
only trace quantities of hydrogen, the radioactive theory of petroleum genesis 
has here been confronted with a serious problem. Although it has been proposed 
that hydrogen could disappear by diffusion to the atmosphere, the question 
arose as to the possibility that hydrogenation of imsaturated substances might 
take place under the influence of radioactivity. Since the benzoic acid study 
offered little assistance towards solution of this problem, a fairly large quantity 
of oleic acid was carefully and laboriously purified (39) to remove all the stearic 
acid. Impurities probably present in the form of linoleic and linolenic acids 
in the final product were relatively unimportant to the object of the work. 
Approximately 55 g. of the purified acid was exposed to a beam of deuterons, 
and the irradiated liquid was carefully examined for reaction products. All 
non-acidic material w^as removed by means of saponification and extraction. 
This step was then followed by a separation of the acid salts into water-soluble 
and water-insoluble fractions. Tlie water-soluble portion was then acidified, 
and the recovered acids were chromatographed on alumina, the effluent being 
collected in 10-ml. portions in the form of aluminum salts. Recovery of the 
acids from these salts led to the identification of 3 per cent of stearic acid based 
on material bombarded. Since the original oleic acid, when submitted to the 
same anal 3 rtical procedure, yielded no stearic acid, this was considered to be 
complete proof that hydrogenation had taken place. 

The non-saponifiable fraction from the bombarded oleic acid yielded a color- 
less hydrocarbon in 3 per cent over-all yield. Present indications are that this 
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is 8-heptadecene; however, since this hydrocarbon has apparently never previ- 
ously been prepared in a high state of purity, final identification by means of 
physical properties has been retarded. Physical properties for the 8-heptadccene 
obtained in this work will be published in the near future, along with evidence 
that this is probably the first time the compound has been prepared in pure 
form. A synthesis of this type suggests the possible use of deuteron bombard- 
ments to bring about low -temperature conversions which are not possible by 
chemical means. A cooperative efforts with other M.I.T, laboratories has been 
made to decarboxylate dimethykmegluconic acid, and although the experiment 
was of a preliminary and rough nature, the gas produced contained 85 per cent 
of carbon dioxide, indicating that decarboxylation had probably taken place. 

TABLE 5 


Gaseous products from deuteron bombardment of croionic acid 


COMPONENT 


VOLUME 

PER CENT* 

COMPONENT 

VOLUME 

PER CENT* 

H,. . 


8.2 

O.H. 



0.2 

CO,... 


69.8 

CJI,,... 



0.1 

CO . . 


3.6 

CJI.,.. . 



0.1 

HjO 

i 

5.1 

CJi,,.... 



0.1 

CH,.... 

j 

! 0.4 

Acetone 



0.4 


1 

0.4 

Methylace tylene . 



2.7 



1 1.4 

Butadiene . 



1 0.1 

CJH, 


: 0.8 

Toluenef . 



0.2 



i 7.4 

Benzene 



0.2 


* Average of two mass-spec tronictric analyses, 
t The crotonic acid was purified by recrystallization from toluene. 


A preliminary deuteron bombardment w as run on crotonic acid to investigate 
the extent of hydrogenation of the double bond. Although the bombardment 
was somewhat unsatisfactory, gas analysis (table 5) did indicate that a high 
degree of decarboxylation had taken place. Crotonic acid w as originally chosen 
because its decarboxylation products are gaseous propene and carbon dioxide, 
both of which can be easily detected by the mass spectrometer. If propane 
were the hydrogenated product, then this, too, could be determined with facility. 
The absence of propene in a quantity equivalent to the carbon dioxide was 
interesting, and corroborated the conclusions of Lind and others (19) that the 
unsaturated gaseous hydrocarbons react and polymerize more readily than do 
the saturated compounds. 

CONCLUSIONS 

The purpose of this work has been to determine the effects of radioactivity 
on organic substances which are known to exist in marine sediments under 
petroleum-producing conditions. To date, it has been shown that fatty acids 
can be radiochemically converted into the aliphatic components of crude oil 
and that naphthenic acids can be converted into the alicyclic components. 

Long-chain alcohols, amines, and acids have been irradiated, and it has been 
demonstrated that deamination and decarboxylation are relatively easy re- 
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actions to carry out but that dehydroxylation (or dehydration) is very diflScult. 
Considering the energies of the C — ^N, C — C, and C — O bonds (24), deamination 
and dehydroxylation (or dehydration) occur in the expected order. The C — 
bond, which, however, is stronger than any of the above bonds, breaks quite 
readily. This cleavage, therefore, cannot be explained solely on the basis of 
bond energies. 

The reactions induJjed by alpha particles or deuterons are probably combina- 
tions of photochemical and ionization effects. The photochemical decarboxyla- 
tions of gaseous formic, acetic, and propionic acids studied by Burton (9, 10, 14) 
are significant in this respect. Ionization effects in the liquid or solid state have 
been more difficult to establish with certainty. 

Previous to the work summarized in this paper, photochemical and radiation 
experiments were carried out for the most part in the gas phase. It has, there- 
fore, been difficult to make comparisons regarding reaction mechanisms. It is 
important to note, however, that in most instances the reactions induced by 
alpha particles and deuterons have led in several clear-cut directions and have 
not yielded the complex mixtures of products which might have been anticipated 
if the decomposition had been a random process. 

Since thermal decarboxylation of fatty acids has been known for many years 
(22), an effort w^as made to correlate the manner in w^hich energy is absorbed 
and distributed in thermal processes and in these radiochemical reactions. In 
discussing mechanisms in the case of fatty acids, Sheppard and Wliitehead (28) 
pointed out that at relatively low temperatures pyrolysis tends to produce 
ketones from fatty acids and that decarboxylation becomes predominant only 
at considerably elevated temperatures. It appeared, therefore, that the mole- 
cules imder alpha-particle or deuteron bombardment decomposed under condi- 
tions of high activation, i. e., they were ‘‘very hot’^ Recently, this idea was re- 
affirmed separately by James Franck,® wffio pictured these reactions as simulated 
thermochemical dissociations following internal conversion of the excitation or 
ionization energy of the decomposing molecules into vibrational energy to pro- 
duce a “hot molecule”. 

Once having produced this “hot molecule”, then molecular decomposition 
w^ould be expected at that bond having the least potential energy requirement 
for cleavage. 


AB* 


In ternal 

conversion 


AB 


Excited Hot 

molecule molecule 


Thermal 

decomposition 


A + B 


The work described in this paper is an excellent example of that which can 
be done in borderline fields. In this particular instance the geological advice 
and inspiration of Professor W. L. Whitehead, and the physical approach and 
counsel of Professor Clark Goodman deserve infinitely more appreciation than 
these few words may seem to convey. 

« Discussion at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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Other contributors to this work have been C. W. Sheppard and R. E. Honig, 
who are no longer associated with the project, and Virginia L. Burton and Earl 
C. Farmer, who have aided notably in the work here reported. 
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Radiation chemistry embraces a wide array of causes and effects. All the 
chemistry ensuant on the action of the various high-energy particles and radi- 
ations and of the recoils produced in emission of, or by impact with, these parti- 
cles is included. The mere classification of the primary processes involved 
produces a rather complicated diagram of interrelated phenomena (3). 

It is possible, of course, to examine each of the phenomena separately and to 
see how each in turn is affected by the class of material in which the event occurs 
(e.g., its state, nature of bonding, type of compound and nature of substrate, and 
size, complexity, thermodynamic stability, etc. of the compounds), by the nature 
of the particle or radiation (e.g., its mass and its energy), and the conditions of 
temperature, pressure, and radiation density. For over-all understanding such 
an approach is essential. However, it is a matter of some convenience to ex- 
amine the phenomena which may occur in a limited class of materials with vari- 
able but related characteristics. Organic compounds are particularly convenient 
for study because they are related in this way, because their bonding is mainly of 
the covalent type, and because back-reactions (other than the reverse of the 
primary reaction) usually do not occur. 

A significant amount of data on the radiation chemistry of organic compounds 
has been existent for a long time (9, 13), but they have not been generally inter- 
preted on the basis of the Eyiing-Hirschfelder-Taylor theoiy (5). A beginning 
of such interpretation and an attempt at correlation have been made (4, 18). 
The major principles developed are that in radiation chemistry the nature and 
relative amounts of the products are governed by the nature and relative amounts 
of the parent groupings and that the liquid state, molecular size, molecular com- 
plexity, and thermodynamic stability, particularly as evidenced by resonance, 
all tend to decrease susceptibility to high-energy radiation. However, these 
effects have thus far been treated in a very general way. It now seems desirable 
to consider in detail some of the phenomena that occur, so that inconsistencies 
can be explained and the underlying important factors can be established. 

Limiting ourselves to organic compounds, \ve wish to see what the primary 
processes are, how they are affected by the nature of the compound and by its 
state, what the consequent secondary (i.e., essentially chemical) processes are, 
and how they are affected by similar considerations. Also, the nature and con- 
ditions of irradiation must be examined, 

» Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 

* Work on radiation chemistry at the University of Notre Dame is assisted by the Office 
of Naval Research of the United States Navy Department under Contract N6ori 165 T.O.II. 
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THE PRIMARY PROCESS 

As in all chemical reactions, the primary process is essentially physical. In 
most cases, it involves the transfer of energy from a high-energy particle or 
photon to a relatively quiescent molecule. In some cases the primary process of 
radiation chemistry is really secondary to a radioactive process (as in recoil phe- 
nomena ensuant on gamma emission). However, for the main part, it is possible 
to consider the primary process as involving the interaction of an energetic 
diarged particle and a molecule. 

Effect of particle size 

The amount of energy transferred per unit of path length increases with the 
mass of the incident particle. Roughly, higlily energetic heavy particles produce 
one ion every 5-10 molecules of path, w^hcreas electrons of the same velocity pro- 
duce one ion in every 500 molecules of path. The electrons (5-electrons) emitted 
in the ionization process hy fast heavy particles can themselves cause ionization 
(slightly less effectively than do the heavy particles). In heavy-particle irradi- 
ation the ratio of t^otal ionization (part of which is by 6-electrons) to primary 
ionization is of the order of four.® Thus, depending on the energy of the heavy 
particle, the nearest distance between resultant ions is on the average 15-30 mole- 
cules. The distance w^hich 5-electr()ns travel before production of an excitation 
or ionization process is not a matter of immediate concern. That distance is 
certainly less than 500 molecules. Obviously, the density of ionization or exci- 
tation in the heav>"-particle path is not thereby attenuated, although with proper 
geometry of the 6-electrons it might be slightly increased. 

The primaiy process is in part ionization and in part excitation of the molecules 
by the incident charged particles. Measurements on the gaseous state indicate 
that the average energy expended in the production of an ion is about twice the 
ionization potential; i.e., about half the energ}^ produces primary ionization and 
the remainder primar}’^ excitation.* 

One conclusion from these facts is that the distance between ions or betw^een 
ions and excited molecules or betw^een excited molecules is already sufficiently 
great with heavy-particle excitation so that substantially no difference should be 
observed in the gas phase between the chemical effects of alpha and electron irra- 
diation per unit amount of energy absorbed. This matter has not been system- 
aticallj^ investigated. On the other hand, the excited molecules and ions are 
sufficiently close together in the case of heavy^-particle irradiation (on the average 
the nearest excited neighbor may be 8-15 molecules aw ay) so that some special 
effect may be detectable in the liquid phase, because of the Rabinow itch-Wood 
effect (19, 20). According to simple mechanical experiments of those investi- 
gators, in the liquid state tw^o molecules collide Avith each other repeatedly after 
an initial collision before one of them can escape the surrounding cage of mole- 
cules. The result is that reaction between excited molecules or ions initially 
sufficiently close to each other is particularly favored in the liquid case and that, 

* A brief r^sum^of the early theory and experiments on interactions of nuclear radiation 
with matter is given by Rutherford, Chadwdek, and I^llis (22). A detailed review by R. 
L. Platzman is now’ in preparation. 
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in consequence, some essentially different chemical effects should be produced 
in liquids by heavy particles and by light particles. Preliminary work con- 
ducted at the Metallurgical Laboratory indeed showed such an effect, which 
will be the subject of a later report, but in the interest of both accuracy and 
certainty of interpretation more extensive data are required. 


Effect of state 


When a high-velocity charged particle interacts with a molecule, the processes 
that occur depend in part on the possible levels to which the molecule can be 
excited and in part on the various ionization potentials. There are two classes 
of primary processes: excitation and ionization. The former leads to reactions 
similar to those of photochemistry.* The latter may involve a number of phe- 
nomena such as secondary ion formation resultant from decomposition of the 
original ions, simultaneous ionization and decomposition, and multiple ioni- 
zation. The relative amounts of excitation and of ionization will depend on the 
number and heights of the various excited and ionization states but usually, as 
already stated, the ratio does not vary far from unity for large molecules.* 
According to Gibson and Eyring (8) relative molecular ionization runs fairiy 
parallel to relative stopping power for a number of interesting cases. They 
found that the ratio of the two values varied only from 0.996 to 1.38 for sub- 
stances as diverse as carbon dioxide and azomethane. For methyl iodide the 
value was 1.37 and for nitric oxide 1.29. This result means that in these cases 
the relative amounts of excitation and of ionization are not greatly affected by 
substantial differences in energy states characteristic of different molecular 
^tems. 

The relative stopping power of a substance for energetic particles of a partic- 
ular class is a measure of the rate at which such particles lose their energy in 
travelling through that substance. As a first approximation the additive rule 
holds that the relative stopping power of a molecule is the sum of the relative 
stopping powers of the constituent atoms.* Too close an agreement should not 
be expected, since the nature of the excited and ion states should have a per- 
ceptible influence on the amount of interaction between the energetic particles 
and the molecules. Accordingly, it might be expected that any factors which 
would tend to change the energy levels of the various states involved would 
certainly change the stopping powers. 

As a matter of fact, in the range of cases studied by Gibson and Eyring the 
additive rule was correct Avithin about 4 per cent. An effect is obviously to be 
sought in the difference between the liquid and the gaseous states, but Philipp 
(16) found that the additive rule holds for all vapors and normal liquids (e.g., 
benzene and pyridine) studied, although values smaller than the true ones are 
found for associated liquids such as water and alcohol. 

A conclusion from the results of Philipp together with those of Gibson and 
Earring is that althou^ more energy may be expended per unit of path lei^th 
in associated liquids, the relative amounts of excitation and ionization certainly 


are not greatly affected by minor perturbations and disiflaoements of energy 



such as are produced in the molecular interactions characteristic even of 
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associated liquids. A corollary is that, although the energy required to produce 
an ion-pair in a liquid is different from that for the gaseous state of the same 
substance, it is never greatly different. It is interesting to note in the data of 
Gibson and Eyring that the relative amount of ionization increases with molec- 
ular complexity. It would be interesting to discover just how general this 
phenomenon is. It may indicate that factors which tend to increase the number 
of, or perturb, electronic energy levels serve likewise to increase, not to decrease, 
relative molecular ionization. If this conclusion is correct, molecular association 
characteristic of the liquid state would result in a slight lowering (never an 
increase) of the amount of energy required to produce an ion-pair. 

A further conclusion from these results is that where substantial differences 
are existent in the radiation reactivity of substances in their gaseous and liquid 
states, the explanation is not to be sought in a substantial difference in the pri- 
mary physical processes in the two states. The explanation must be in the 
considerably changed probabilities of processes following the primary processes of 
excitation and ionization. This conclusion is the obvious counterpart of the 
conclusion of Franck and Rabinowitch (6) anent the effect of the liquid state 
on photochemical reactions. The generally increased stability in that state is 
attributed to a cage effect by the surrounding molecules, so that the energy is 
tapped off before it becomes effective for decomposition or so that the decom- 
posing fragments are made to recombine before they escape from each other^s 
spheres of influence. 


Remarks m 'primary excitation 

Since roughly half of the energy expended in the irradiation of a compound 
causes excitation in a primary step, reactions must be expected in radiation 
chemistry which are somewhat analogous to those of photochemistry. There 
are, however, some differences.^ In general, the conditions of excitation are 
such that almost any electronic orbital of the molecule may be involved. Thus, 
whereas in photochemistry only one upper electronic state is usually involved, 
in radiation chemistry there may be a great variety of such states. Furthermore, 
since more energy is available in high-energy radiation processes, it may be 
expected that higher states \nll also be excited. Thus, on two counts we may 
expect a much greater variety of primarily excited upper states in radiation 
chemistry and a possible increased complexity of ensuant reactions. To some 
extent this complexity may be offset by fluorescence, internal conversion, and 
energy-transfer processes so that in the end only a very few or even one electronic 
state may be involved in the chemical step. In general, however, in the case 
of compounds containing a variety of groupings, it may be expected that 
radiation-chemical excitation leads to greater complexity of reaction than does 
photochemical excitation; i.e., radiolysis through excitation alone should give 
a greater variety of products than does photolysis. 

* In photochemistry, however, the excitation is usually specific. The same bond or 
Kroup or excited state is initially involved in every activated molecule, provided the light 
is nearly monochromatic. In radiation chemistry a much broader range of excited states 
and of ensuant reactions is possible. 



568 


imA'ON BxnmiN 


An exception in degree to a principle such as that just enunciated may be 
found in the case of highly symmetricid compounds, such as bensene. During 
radiation-chemical excitation almost any electronic orbital of the molecule may 
be involved but, since there are so many equivalent orbitals and electronic 
states, the result is that the number of different excited states is not greatly 
more than in photochemistry. 

If the compound under irradiation is somewhat complicated (as are most 
organic compounds), there vill be almost a continuum of excited states. In 
such a case the liquid state may permit the tapping-off at energy from upper 
excited levels before they make a chemical contribution. If there is a mech- 
anism which requires some time between physical activation and chemical 
decomposition, tapping-off of energy and internal conveieion both are almost 
certain to occur in the liquid state, so that radiolysis in that event may not lead 
to a greater variety of products than does photolysis. 

SECONDARY PROCESSES 

Secondary processes include ionic decomposition, reactions of ions or excited 
molecules with other ions or molecules, discharge of ions, transfer of energy from 
excited molecules (by fluorescence or by collisional deactivation), internal con- 
version of energy states, decomposition processes involving excited molecules 
and radicals, and addition processes involving also intermediate and final 
products. 

Although ionization is the characteristic ph3rsical process of half of radiation 
chemistry (the other half is primary excitation), it is not the controlling process. 
The general mechanism® of such processes has been given by Eyring, Hirsch- 
felder, and Taylor (5) and elaborated elsewhere (4, 18). In general, the features 
are: 


ionization, 


discharge. 


decomposition. 


‘ In the course of the discussion, Or. F. S. Dainton suggested a grouping into primary 
and secondary physical processes and primary (etc.) chemical processes. The classification 
has obvious aspects of simplicity applicable to both radiation chemistry and photo- 
chemistry. 


A+ + 




A/ 

\ 

\ 

B+ -f C -f e 
A+ -f « — ► A* (excited) 
stable molecules 


A* 


/ 

( 

\ 


\ 


free radicals 


(la) 


(lb) 

( 2 ) 

(3a) 


(3b) 



RADIATION CHEMISTRY. IV 


569 


reactions similar to 2 and 3 involving the various ionic species (which may 
be radical ions or molecular ions), reactions involving the fate of the various 
species C and any free radicals produced, and processes which may prevent 
decomposition reactions (reaction 3) of the excited molecules A* and B*. 

We have already seen that we cannot account for large differences in radiation- 
chemical behavior merely on the basis of variations in relative amounts of ioni- 
zation and excitation (c/. the ratio of relative molecular ionization to relative 
stopping power). M either can we account for differences in the radiation resist- 
ance of different compounds merely on the basis of the possibly large variety 
of ions denoted by B+ in reaction lb. 

An excellent illustration of this latter fact is afforded in the comparison of 
benzene and cyclohexane. The ionic species produced by electron bombardment 
in the mass spectrometer are approximately equally varied in the two cases 
(i.e., 44 reported in the case of benzene, 48 in the ease of cyclohexane) (9). 


TABLE 1 

Effect of f ant'd ectro7L irradiahoj) on I iqmd hydrocarbons, accouiing to Flnnayan, Ilochnnadd, 

and Penncrnan 


HYDRfK'AKBON 

Benzene. , 

n-llcptanc 

Cyclohexane 

Cyclohexene 

M ethylcy clohexanc 

Toluene 


Off (moleculls of gas 
PER 100 E V.') 

1 Gp (MOLECULES REACT* 
j ANT CONVERTED TO 
POLYMER PER 100 E.V.) 

0.04 

' 0.5 

4.2 

1.7 

\A) 

1 2 

1.0 

L2 

4.5 

4 2 

0.011 

0 7 


Nevertheless, the chemical resistances of the two compounds to high-energy 
irradiation are quite dissimilar (4, 18). In the liquid state, benzene is very 
resistant whereas cyclohexane decomposes very readily. Some of the previously 
published results obtained by Flanagan, Hochanadel, and Penneman at the 
Metallurgical Laboratory are given in table 1. I^iquid toluene is more like 
benzene in its reactivity than the mere presence of the methyl group might lead 
one to expect, but methylcyclohexane is considerably more reactive than cyclo- 
hexane. 


Effect of state 

An indication that the results on benzene are in part the effect of state is 
afforded by the very limited studies on the vapors. Mund and Bogaert (16) 
found a pressure decrease in benzene exposed to alphas from radon contained 
in the same vessel. From this decrease they found that the ratio of number of 
molecules of gas disappearing to ions produced (calculated) was about unity. 
As the term is used in table 1, the corresponding value of Gj, 2 - 4 (9) ; i.e., a change 
to the gaseous state causes an eightfold increase in polymerization. Unfor- 
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tunately, data on the radiolysis of benzene are rare. Linder and Davis (14) 
studied the amount of vapor non-condensible at — 77®C. produced by glow 
discharge acting on a variety of hydrocarbon vapors. The voltage of the bom- 
barding particles Avas unknown and variable, but under the conditions of their 
experiments (not necessarily the same for the different compoimds) the rate of 
gas production was about four times as great in either hexane or cyclohexene 
as in benzene. Although too much significance must not be attached to the 
value “four”, the ratio is doubtless much lower than values found in the liquid 
state, as may be calculated from table 1. 

The immediate question is why change of state affects aromatics like benzene 
and toluene so much more than it affects aliphatic compounds, which seem to 
be highly reactive both in gas and in liquid. 

Effect of type of compound 

Table 1 illustrates a long-known fact that aliphatic hydrocarbons are much 
more resistant to the effects of high-energy radiation, measured in terms of gas 
production, than are aromatics and that the olefins lie in between (3, 4, 9, 14, 18). 
There is an immediate temptation, of course, to ascribe this fact to reaction of 
intermediate free atom or radical products with available unsaturated linkages 
and to resultant formation of non-gaseous products. For example, in the 
radiolysis of benzene the explanation of the low yield of hydrogen would be the 
reaction 


C«H, 4- H ^ — C«H7 


followed by 


— C,H7 -1- C,H. C«H7 C«Hr- 


( 1 ) 

( 2 ) 


or 


— C Jl7 -H — C,H7 C,H7 • C^7 (3) 

Beaction 2 would be the first step in a polymerization series. The sequence of 
reactions 1 and 3 would consume the most atomic hydrogen per molecule of 
benzene converted to “polymer”. 

Let Gi be the number of molecules per 100 e.v. actually dissociated in the 
initial step of the radiolysis; i.e., in the case of benzene we shall assume primary 
decomposition to free phenyl and atomic hydrogen. The maximum value of 
Gi for benzene would be given by the assumption that reaction 2 and the ensuant 
series do not occur at all; i.e., that each molecule of benzene disappearing in 
polymer represents an atom of hydrogen produced by decomposition in reaction 
1. Then 


Gi <2G, + G„ 

wlmre we neglect the fact that some contribution to Gp is from CtHs radicals. 
The minimum value would be given by the assumption that reaction 3 does not 
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occur at all and that the polymerization series is very long and involves many 
benzene molecules; i.e,, 

Gi > 2G, 

Similar remarks would apply to (h defined generally as the primary 100 e.v. 
yield for radiolysis of any compound. Values calculated in this way are given 
for three significant cases in table 2. 

The calculated maximum value of Gi in table 2 for the aromatics is consider- 
ably less than the calculated minimum for a corresponding aliphatic, cyclo- 
hexene. There are three ‘‘double bonds” in benzene and toluene compared 
with one in cyclohexene, and there may be an objection that the former corre- 
spondingly provide a threefold better chance for capture of free atoms or radicals. 
If we pay attention merely to the arithmetic, it is then not obvious why Gg in 
cyclohexene should exceed that in benzene and in toluene by factors of 25 and 
11, respectively. However, the kinetics must not be ignored. Early work of 
Bonhoeffer and Harteck (2) indicates that atomic hydrogen has a destructive 

TABLE 2 


Some calculated values of primary 100 e.v. yield 


HYDBOCARBOK 

c 

Calculated minimum 

h 

Calculated maximum 

Benzene 

0.08 

0.58 

Toluene ... 

0,18 

0.88 

Cy do hexene . . 

! 2.0 

3.1 


effect on benzene vapor; methane, ethylene, and acetylene (all of which were 
found by Flanagan, Hochanadel, and Penneman in the products of the radiolysis) 
are produced. If liquid benzene behaves at all like the vapor, a part of the 
contribution to Gg may represent secondary action of free hydrogen atoms on 
otherwise inactivated benzene. The conclusion is that the maximum value for 
Gi for benzene given in table 2 is a real maximum and that the true value may 
be somewhat less. 

A further conclusion from the limited information on the radiolysis of aromatics 
is that even in the gaseous, state they appear to be far less reactive than paraffins 
or olefins (14) and that, in view of the fact that a presumptive intermediate 
product (atomic hydrogen) is known to attack benzene vapor destructively, it 
is likely that the low yields are not to be attributed to secondary reactions by 
which the int/ermediates are removed. We have already seen that the result 
cannot be attributed to any substantial differences in relative molecular ioni- 
zation. The conclusion is that we must examine the behavior of the ions and 
excited molecules initially produced to see how their properties may be reflected 
in degree of reactivity of substances (in this case aromatic hydrocarbons) to 
irradiation. 
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Beimior of excited meieades 

Since approximately half the energy in a radiation'Chemical process is ex- 
pended primarily in excitation (without ionization), it is desirable to examine 
the possible fate of excited molecules. Photochemistry teaches that not all 
molecules which are excited with sufficient energy necessarily decompose or 
react. Decomposition competes with other processes, including fluorescence 
and collisional deactivation. 

Benzene furnishes an excellent example of a substance which photolyzes with 
low quantum yield. Its absorption spectrum begins with a sharp band structure 
at X = 2667 A. to 2200 A. From 2200 A. to 1850 A. the bands are diffuse on a 
continuous background. The continuum becomes prominent at 1850 A. and 
extends to the limit of observation, but there are a few bands at 1789-1732 A. 
discernible above the background (c/. 21). Bates and Taylor (1) found that the 
light of the full mercury arc gave only a very slight photolysis of the vapor when 
mercury vapor was excluded to avoid photosensitization. West (24) found no 
decomposition at 2537 A., nor was he able to detect any para-ortho hydrogen 
conversion which might have been indicative of the transitory existence of 
atomic hydrogen. Krassina found evidence for hydrogen atoms in the regions 
2150-2000 A. and 2000-1850 A., using the Paneth mirror method and tungstic 
oxide and cupric sulfate indicators but not at longer wave lengths (12). Prile- 
shajewa (17) reported deposition of a polymer under the same conditions and 
made measurements of the hydrogen produced but gave no quantum-yield data. 
Wilson and Noyes (26) found evidence for formation of biplienyl at low wave 
lengtli but were troubled by deposition of a polymer. They conclude that in 
the region 2000-1850 A. (6.2-0.7 e.v.) the quantum yield for production of 
hydrogen is of the order 0.01-0.001 and attribute its production to intermediate 
fonnation of acetylene. 

In summary, photochemical studies of benzene give evidence for low quantum 
yield cf decomposition of the vapor with evidence for the formation of a small 
but troublesome amount of polymer at low wave length. Evidently, the life 
of the excited state is sufficiently great so that even in the vapor the probability 
of deactivation by collision far exceeds the probability of decomposition. There 
is no information as to the amount of energy involved in the primary excitation 
process in radiation chemistry but it is reasonable to assume a value in the 
region of 6.2-6.7 e.v., since the appearance potential of C6H«+ is only 9.8 e.v. 
(9). Thus, the primary excitation contribution to Gg in the vapor state should 
be no greater than about 0.004 to 0.04.* 

It is interesting to examine the reason for the photochemical stability of 
benzene. The most reasonable explanation involves the nature of the excitation 
process. Presumably a v orbital is involved. The initial electronic state cannot 
be c(msidered localized in the vicinity of any carbon atom, nor can Ibe final state 

* Calculated oa the folloaiug reasoning: One-half 100 e.v. gives about eight excited 
benzene molecules. Since the data of Wilson and Noyes indicate a quantum yield of hydro- 
gen atom production of >0.00-6.01, the values given are obtidned. 
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be so considered. Decomposition after the electronic excitation involves an 
internal conversion in which the energy is transferred to vibrational excitation. 
We have no information to teach us where this energy should appear. If the 
electronic excitation is originally localized (as in the aldehydes) the ensuant 
decomposition is also localized.’ On the other hand, with the initial electronic 
excitation non-localized, it perhaps follows that the vibrational excitation will 
also be non-localized. Under such circumstances, althougli more than enough 
energy is available, flow of sufficient energy into a single bond is required for 
occurrence of decomposition. However, benzene and the aromatics generally 
are in just that class where such localized concentration of energy would occur 
with very low probability. Their high ^‘resonance’’ stability implies a large 
number of equivalent energy states. Thus, the probability of production of an 
imstable state (invohdng concentration of energy in a particular bond) is rela- 
tively low in comparison with production of any one of a host of equivalent 
states. 

The conclusion from this reasoning is that ‘'resonance’’ in the theimodynamic 
sense tends to stabilize a substance to photochemical decomposition. A second- 
ary conclusion is that complexity generallj^ and complexity associated with 
symmetry, particularly, will also tend to produce photochemical stabilization.® 

Behavior of ions 

Ions primarily produced in radiation processes either are discharged and 
yield excited molecules (reaction 2) or decompose to yield a ne\c ion and a radical 
or molecule product. If the latter occurs, we may conclude that, neglecting 
the rare possibility of a back-reaction, a chemical change will be detect/cd. One 
important question therefore (discussed in a later paragraph) concerns the 
factors wliich favor or disfavor such a process. 

If the ion survives without decomposition and is then discharged, the excited 
molecule produced vill have energy roughly of the order of 10-15 e.v. (or 25-40 
e.v. if a doubly charged ion was involved). The more the energy of the molecule 
exceeds a typical bond strength, the greater the probability that sufficient energy 
will flow into that bond to cause decomposition. In this connection it is interest- 
ing that the ion has an appearance potential of only 9.8 e.v. (9) and that its 
relative abundance in mass-spectrometric experiments on benzene is approxi- 
mately equal to that of all the other ions combined (c/. 11), Thus, we may 
expect that excited CeHe produced from the discharge of ions may persist 

until deactivation, but perhaps with not so great likelihood as will the primarily 
excited CeHe molecules (presumably containing less energy). Approximately 
one-quarter of the energy absorbed goes to produce CeHe***. If all the 

’ Cf. the photochemistry of propioiialdehyde. The electionic excitation is in the car- 
bonyl group and the split of C— C links yields only free ethyl and formyl radicals; i.e., the 
energy is transferred preferentially during the internal conversion to an adjacent bond 
(see W. M. Garrison and M, Barton (7)). 

• Neopentane is an interesting case in point. Steacie (private coniniunication) says 
that neopentane is extremely stable to decomposition by mercury photosensitization. 
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ions survive until discharge and yield excited CaH«, we may conclude that the 
contribution of these highly excited entities to Gg for benssene vapor will perhaps 
also be of the order 0.004-0.04 for, although they are formed in less than half 
the number, they will be more likely to decompose than will the somewhat less 
excited (i.e., primarily excited) benzene molecules. 

That the ions may survive until they are discharged is not imreasonable 
in the light of considerations entirely parallel to those in terms of which the 
photochemical stability of excited benzene has been interpreted. The point 
here is that airy possible excited orbital, as well as the misring orbital, is not 
localized; it is spread over the w'hole molecule and there is insufficient local bond 
weakening to favor instantaneous rupture. In this connection it would be very 
helpful to have experiments similar to those of Hippie, Fox, and Condon (10) 
on the half-life of the CeH*'*' and similar (e.g., CeHsCHs"^) ions. 

In general, any factor wffich tends to spread a missing (or excited) orbital 
over a large portion of a molecule (i.e., so that that orbital is not localized) will 
operate to favor stability of the ion. In molecules like the aromatics and sub- 
stituted aromatics, the missing orbital may be in the ring or in the side chain. 
If it is in the ring, the ion may be quite stable. If it is in the side chain, internal 
conversion involving transfer of an electron from the ring may produce stability. 
Stability of a kind (i.e., prolongation of half-life) may be obtained also by a series 
of internal conversion processes in a straight-chain hydrocarbon, in which an 
empty orbital shifts rapidly from one bond to another and, in some cases, to a 
non-bonding position. Experimental data bearing on this point would also 
prove helpful. 

We may conclude that in the case of benzene all ions in which the missing 
orbital may be presumed to be spread over the whole ion have a hi^ probability 
of survival until discharge. Such ions not only include C»H«+ but may also 
include C«H»+, Cjni"*", and C«H8+ which, taken together, appear in abundance 
approximately one-quarter that of in some mass-spectrometer experiments 
(11). If the latter ions react favorably with H or H 2 , CeHe''" may be produced. 
Under such circumstances the yield might be kept low. However, in order for 
such a favorable reaction to occur means might have to be provided to remove 
the energy released in the reaction between H (or Hs) and the hydrogen-deficient 
ion. 

If we assume the same distribution of ion products in a radiation exposure as 
in the mass-spectrometer experiments related (11), we would conclude that 
approximately one-quarter of the energy goes to produce ions other than 
If, further, we make the maximum assumption that in the vapor state all the 
ions other than CeH*'*' inevitably lead to chemical change, their contribution to 
the total value of Gg, assuming an average appearance potential of ~ 20 e.v. 
(9), would be ~ 1.2. 

Noting the contributions from primarily excited CeH# and from CaHe"*" already 
“calculated”, it follows that a rough value of G^ ^ 1.3 for benzene vapor could 
reasonably be expected. There is no direct information on this value, although 
mipeiiments by S. Gordon are now under way in this laboratory. However, it 
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is possible to get a rough notion from the results of Linder and Davis already 
cited (14). Their results indicate a value of Gg in benzene vapor approximately 
one-quarter that in aliphatic hydrocarbons. Early results cited by Lind (13) 
indicated an M/N value = 2 for disappearance of the hydrocarbon or a value of 
roughly (7 = 8. One-quarter of this value, (7 = 2, is not too far from our “cal- 
culated^^ value (7^ ^ 1.3 for benzene vapor, partioularb’^ when we note in these 
early values some difficulty in establishment of the nature of the products. 

Superimposed effect of state 

We have already seen in connection Avith the various benzene ions that the C& 
ions might revert to via reaction with H or H 2 , provided means exist for 

picking off the energy. Such means always exist in the liquid state. Thus, there 
is a better possibility in the liquid than in the gas that those ions might not lead 
to a chemical change. 

However, means for checking the chemical effects of such unfavorable ions 
would not be enough to account for the stabilizing influence of the liquid state 
on the radiation sensitivity of benzene. The explanation probably has to be 
sought in some failure of the unfavorable entities to form at all in liquid benzene. 
They include not only the various Co ions but also Co, C4, C.^, and C2 ions as well. 
All these ions have appearance potentials higher than that of CcHo"^. If the 
mechanism of their formation is through excited Colle'^ ions, the benzene liquid 
may furnish excellent means to tap off the excess energy before those excited 
CeHe'^ ions can decompose to ^deld the smaller ions. That benzene may be a 
specially favorable liquid for such collisional deactivation is indicated by some 
photochemical experiments of quite another type by West and Paul (25). They 
found that when alkyl halides are photolyzed in benzene solution the quantum 
yields are practically the same as in hexane solution, in spite of the fact that 
benzene absorbs in the same wave-length region as the alkyl halides studied. 
The explanation was that the benzene, wliich did not decompose of course, 
transferred its energy to the alkyl halide in a photosensitization process. The 
many available energy levels in liquid benzene should likewise make it a good 
acceptor of energy to remove energy from excited CeHe"^ ions. 

Thus, we might conclude that benzene because of its multiplicity of energy 
levels (since it has a complicated, symmetric, higlily resonant structure) is an 
unusually favorable molecule for tapping off excess energy and thus decreasing 
not only its own decomposition by high-energy radiation but also that of any 
substance contained in it. 

An interesting case in point (worthy of much more extensive study) was given 
by Schoepfle and Fellows (23). Some of their data on the effects of cathode 
rays are summarized in table 3. Under the conditions of their experiments, 
cyclohexane yielded 46.8 cc. of gas, benzene 2.2 cc. It might be expected, if 
there were no special effect, that a mixture of 90 per cent benzene and 10 per cent 
cyclohexane should yield 6.6 cc. of gas, w'hereas they found only 3.2 cc. One 
explanation could be that the “double bonds’’ in benzene absorb the free radicals 
or atoms intermediate to gas production. An objection to such an explanation 
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has already been reviewed in detail in the disousaion of benzene itsdif . Another 
explanation is that just presented in the previous paragraph: namely, that ben- 
zene operates particularly favorably to pick off excess energy and thus to prevent 
reaction. 

Table 3, however, underlines a couple of strange results. Phenylcyclohexane 
yields less gas than does the 90 per cent benzene + 10 per cent hexane solution. 
An explanation (other than possible uncertainty of the data) could be that the 
two rings are particularly favorably coupled for transfer of energy. Hexamethyl- 

TABLE 3 


Some effects of cathode rays on hydrocarbons, according to Sehoepfle and Fellotcs 

170 kv., 0.3 ma. 


HYDROCASBON 

TOTAL GAS 
PRODUCED 

IN 30 MIN. 

HYDROCARBON 

TOTAL CAS 
PRODUCED 

IN 30 MIM. 


cc. at N.T.P, 


cc. at N.T,P, 

n “Heptane 

51.4 

"Benzene 

2.2 

Octylene. . 

16.4 

Toluene. . . 

2.7 

Cyclohexane. . . 

45.8 

Hexamethylbenzene . . 

7.5 

Methyl cycloliexane 

39.2 

Naphthalene 

<0.5 

Cyclohexene 

18.8 

Anthracene 

<0.5 



Biphenyl . 

<0.5 

Diphenyl methane 

0.8 



Triphenylmethane . 

0.9 



Tetrahydronaphthalene 

2.6 

90% benzene -h 10%, cyclohexane. 

3.2 

Phenylcyclohexane . 

2.3 




benzene yields more gas. Evidently, a thorough study of these systems is in 
order. 


SUGOBSTED STUDIES 

In the speculations of this paper it has frequently been necessary to cite experi- 
ments which have furnished only very limited data. More extensive experiments 
of many kinds are much required if the theoiy of action of high-energy radiation 
on organic compounds is to receive more definite form. Some suggested by this 
paper aro: • 

(o) Studies of the amount of energy required to produce an ion-pair as a func- 
tion of molecular size, complexity, bond type, etc. 

(6) More accurate studies of the yields of a variety of hydrocarbons in which 
O values for each of the carefully determined products would be given. 

(c) Studies of the radiation chemistry of solutions, particularly in benzene 
and in related hydrocarbons. 

(d) Studies of the mechanism (perhaps using radioactive indicator techniques) 
of radidysis. 

(e) Lifetimes of various metastable ions (particularly CfHt'*') as a function of 
tiudr energy content. 
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(/) Comparison of effects of radiation particles of different mass in liquid-state 
radiolyses. 

(gf) Detailed comparison of liquid and gaseous radiolyses for a few typical 

cases. 


SUMMARY 

The processes occurrent in radiolysis of some organic compounds are reviewed. 
The size of the bombarding particle is not a significant factor in gases but may 
have a detectable effect in liquids. The state of the medium irradiated should 
have a minor effect on the primary process. If anytliing, a small increase in 
total relative molecular ionization should occur in the liquid. Where sub- 
stantial differences in radiation reactivity of a compound are produced by change 
of state, the explanation does not lie in a possible change in the primary process. 
Primary excitation by high-energy radiation results in processes of the type 
occurnnit in photocliemistry. The variety of ions possibly produced in the 
primary process is not an indication ol resultant, reactivity. Benzene is com- 
pared with other hydrocarbons and it is concluded that its low reactivity is in 
part attributable to its photochemical atabilitj" and in part to the stability of 
the ion. The stabilities are explained in terms of the orbitals and internal 
conversion processes involved. The stabilizing effects of the liquid state in 
benzene and of benzene itself as a solvent are discussed. Some future experi- 
ments are suggested. 

As ICxecutive Secretary of this Symposium I wish to take this opportunity for 
a word of tribute to Dr. S. C. Lind and to Dr. James Franck. Dr. Lind, as 
Chairman of tliis Symposium, has the position which his pioneering efforts in this 
field have justly earned for him; radiation chemistry today prospers from his 
past and present endeavors. Dr. Franck was ( hairman of the Chemistry Divi- 
sion of the Metallurgical Laboratoiy'^ during much of ray connection ^vith it. He 
has been present at this meeting as an active participant in the dfecussions, and 
his criticisms and interpretations have clarified many problems. This paper 
and others by las former colleagues of the Metallurgical Project are some of the 
results of his generous advice and kindly guidance. 
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I. INTRODUCTION 

The Geiger counter tube has by this time become a widely known instrument 
Many investigators have used Geiger counter tubes as a tool in some research 
of nuclear, ph 3 nsical, chemical, or perhaps biological nature. It is safe to say 
that, whenever they have, their interest was concentrated on the experiment for 
which the coimter served as a measuring instrument, and that they did not care 
about the various physical and chemical phenomena which took place inside the 
Geiger counter every time it produced an electrical impulse. This paper will 
not deal with the Geiger counter as the familiar research tool at all but will 
describe some of the phenomena occurring during the dischai^e process in the 
interior of the tube. 

The mechanism of this particular type of self-sustaining corona discharge has 
been studied by many investigators, and much detailed knowledge has been 
accumulated, although this is not alwa 3 rs apparent because of the scattered 
nature of the literature. This paper will review in a somewhat more integrated 

‘ Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, In^ana, June 24-27, 1947. 
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form what might be called the present concept of that part of the discharge 
mechanism which is called “quenching” and is responsible for the self-extinguish- 
ing of each discharge pulse. It will try to indicate what radiation-chemical 
problems are involved, and furthermore try to show that the study of some as- 
pects of the Geiger counter discharge may serve to investigate problems of ionics 
and radiation chemistry itself. 

II. THE QUENCHING MECHANISM 

Borne fundamental magnitudes will aid in introducing the subject: A typical 
Geiger counter tube consists of two concentric cylindrical electrodes (see figure 
1) : a cylindrical metal cathode of radius, say, 6 = 1 cm. ; axially suspended within 
this cathcxle an ancxle of much smaller diameter, such as a metal wire with a 

ANODE WIRE 



Flo. 1. C'niMs-sectioii of countt r tuf)o ap|>ru.viinately 10‘ * sec. after production of a dis- 
clmi'KO. The electrons produced simultaneously with the positive ions have all reached 
the anode wire. 

• 

radius a = 0.01 cm. There is a gas or gas mixture present in such a self-quench- 
ing counter at a total pressure of around 10 cm. of mercury, about 90 per cent of 
this gas being an inert monatomic gas such as argon, and 10 per cent being a 
polyatomic molecule such as ethyl alcohol, ethyl ether, amyl acetate, butane, or 
others. A constant potential of about 1000 volts is applied between the two 
electrodes. 

These typical figures give us additional basic information, such as the fact 
that the gradient of the electric field is highest near the wire, and high enough to 
produce electron multiplication (build-up of “avalanche”) only within a dis- 
tance of a few wire-diameters from the wire, that ions produced do not gain 
appreciable energies betweem collisions to produce secondary ionization in the 
gas, and that an ion traversing the tube radius must make about 10® collisions 
with gas molecules. 

By way of introduction, it should be said that the condition for setting off a 
counter discharge is that of production of at least one free low-energy electron 
within the volume of the cathode cylinder. Only radiation which accom- 
plishes this either directly or indirectly will initiate a measurable Geiger-counter 
pulse. On the other hand, the condition for the production of a short electrical 
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dischai^ rather than a continuous breakdown of the electrode interspace is that 
no more free electrons shall be liberated or exist iP this interspace after a certain 
characteristic time interval from any source — other than radiation orij^ally 
intended to be registered — has elapsed since initiaticm oi the previous discharge 
pulse. This condition, involving a time interval of some 50 to 100 microeec., 
means that a thorough clean-up of all electrons and agents capable of producing 
electrons must have been accomplished within such a time interval. 

In general the only two agents which have to be ccmsidered are (I) the posi- 
tively charged, gaseous ions which are formed in the primaiy ionization and 
electron-multiplication process and (8) the photons which are emitted during 
the multiplication process as a by-product of the electrem bombardment of 
molecules. This brings us to a discussion of the nature of the quenching mech- 
anism, which must be one designed to suppress the production of any new elec- 
trons by the positive ions or by photons up to and including the time of the 
final collection of the ions by the electrodes. 

Suppose that a single gas were present in the tube. Ions of this gas would be 
produced, having an ionization energy of I e.v. Furthermore, we can expect 
to find photons produced with energies ranging perhaps nearly as high in energy 
as the ionization energy I. Then the following process of detrimental electron- 
production may be possible: (1) Production of secondary electrons by4lie action 
of ions or excited molecules at the cathode surface; (8) production of photoelec- 
trons on the cathode surface, since in general the work function, of such sur- 
faces is much smaller than the quantum energies available. 

Quenching, therefore, requires that (1) no excited or ionized molecules capable 
of producing a secondary electron from the cathode surface shall reach the 
latter, and (8) a minimum of high-energy photons {E = hp ^ shall reach the 
cathode surface. 

It is known that neutralization will take place by the act of drawing an elec- 
tron from the metal (7, 8), when the positive ion approaches the cathode surface, 
at an expenditure of energy equal to, at least, the work function 4', leaving the 
neutralized molecule with a potential energy of / — 4>, or less. It is now im- 
portant that this neutral but excited molecule cannot eject another electron 
through further interaction with the metal, which is another well-known phe- 
nomenon (2, 6, 11). The probabilities of electron emission as a function of dis- 
tance from the metal surface have been calculated for the case of the ion (neu- 
tralization process) (8) and for the case of excited molecules (5, 8) (electron 
ejection). 

These calculations indicate that the critical distance for the neutralization 
process is appreciably greater (of the order of 5 to 10 X 10~" cm. for ♦ =4.5 
e.v.) than the critical distance for the electron emission due to an excited atom 
or molecule, the latter being of the order of 2 X 10"* cm. The first process is 
one oi field emission due to the strong local electrical field set up by the positive 
iooio charge when it approaches the metal. The latter process can be visualized * 
aa requiring a close and direct interaction between the excited molecule and Uie 
electron atmosphere of the metal, — classically speaking, a collision d the second 
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kind. Thus a certain average interval of time will elapse between the two 
processes, which for the nearly thermal ion velocities in the counter is of the 
order of to 10 “ ^2 

Thus one of the principal problems of discharge quenching becomes a problem 
of deexciting a molecule during that time interval of 10^^* to avoid 

electron emission subsequent to neutralization. 

There are essentially three mechanisms that could be hoped for to obtain the 
loss of potential energy. Each has, if for a given species of molecule and ex- 
citation level it is at all possible, a certain order of magnitude of probability of 
occurrence in a sec. time interval. Table 1 summarizes these possibilities. 
Only the last mechanism provides deexcitation fast enough to have value as a 
quenching mechanism. The absorption spectra of molecules, when available, 
yield the best available information on the behavior of the molecules with re- 
spect to dissociation, and continuous absorption in the band region where 


TABLE 1 


ICECBANISM or DEEXCITATION 

OKDEK OF XI\GNITUO£ OF TlliE BEQUIRED FOB FBOCESS 

C'ollision with other molecule 

Radiation of (quanta* 

Dissociation or predissociation 

j 

i 

lO"® sec. (average time bet ween collisions) 
10“* sec. (lifetime of quanta-emitting 
states) 

10’*“ to 10 '“ sec. (lifetime of states leading 
to spontaneous dissociation) 


• Reference 12. 


vibrational structure should be found indicates dissociable states having life- 
times near 10“^® sec., which is about the time of a single interatomic vibration. 

The probability for dissociation of electronically excited states generally rises 
so rapidly with atomic complexity of the molecule that it is almost a certainty 
that a polyatomic molecule having four or more atomic constituents will disso- 
ciate under the conditions here dealt with. 

Starting out with the condition that no new electrons shall be liberated during 
the process of ion collection, a necessary requirement has been derived, namely, 
that the neutralized ion species must deexcite within some 10" sec. or less; ions 
of most polyatomic gases will satisfy this condition. 

For a number of reasons (low operating voltage, favorable conditions for 
pulse-equalization, etc.) it is usually desirable to have an inert gas such as argon 
present as the major constituent in the gas phase. Ions of argon, if permitted 
to reach the wall, would not satisfy the above conditions. However, if a mixture 
of argon and a polyatomic gas is used, a transfer of ionization from the argon 
ions initially produced to ions of the polyatomic gas can be effected, since the 
number of collisions before reaching the wall is high. One requirement, however, 
is that the ionization potential of the quenching gas be lower than that of argon. 
This happens to be a condition which is easily satisfied, since as a rule the 
ionization potential decreases with increased complexity of the molecule and thus 
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is usually higher for the monatomic inert gases (with the possible exception of 
xenon). As was mentioned earlier, photons emitted during the initial electron 
multiplication process must be prevented from reaching the cathode surface also. 
Since photons of energy larger than the cathode-metal work functions are harm- 
ful, they involve the same order of magnitude as electronic excitation levels in- 
volved in the molecular deexcitation by dissociation. Since absorption bands in 
that energy region would be expected to exist to satisfy the dedxcitation condi- 
tion, it is usually safe to assume that the polyatomic constituent will also serve 
as an effective absorber of such photons as would otherwise reach the cathode 
and produce photoelectrons^ 

III, IIADIATION-CHEMICAL CONSEQUENCES 

The fact that dissociation of molecules is necessarily involved brings chemistry 
directly into the picture. The dissociation phenomena are naturally linked to 
the structure of the molecule, interatomic binding forces, and their electronic 
structure. There are three phases of interest, and in each, specific problems 
might be answered by studies on the discharge-quenching mechanism: 

1. Phenomena regarding the neutralization mechanism at metal surfaces, 

such as lifetime against dissociation and critical distance of neutralization. 

2. Phenomena concerned with the travel of polyatomic ions through a gas, 

such as ion mobility, change of mobility due to cluster formation, or pos- 
sibly dissociation during collisions or spontaneous dissociation. 

3. Phenomena concerning the kinetics of the dissociation products, such as 

studies on the new products formed by them. 

Kinetics of ion neutralization mi metal surfaces 

The disappearance of initial polyatomic gas and the re-formation of new 
molecular material are closely related, of course, to the lifetime of the counter 
tubes. In connection with a few types of gases, the lifetime has been found 
to be limited to the number of discharges after which an appreciable percentage 
of the quenching gas has been dissociated. This was found to be true for ethyl 
alcohol (9) and for ethyl acetate (3). The lifetime of a methane-filled tube was 
reported much smaller (9), and more recent measurements (1) indicated that 
proper operation of the methane tube is not so much limited by the consump- 
tion of quenching gas as it is by formation of deposits on the cathode cylinder. 
The author has found this to be true for other hydrocarbons, such as propane 

* Strictly speaking, the extent to which photoelectrons released at the cathode may 
be harmful must be tied in with the phenomenon of electron capture. Any photoelectron 
would arrive in the high>ficld region during the **dead-time'^ of the tube, because of the 
relatively high mobility of the electrons compared to that of the ion sheath. However, 
any electrons captured to form negative ions may reach that region after the *‘doad-time” 
period and release the discharge meclianism anew. With the product anN (a » effective 
electron attachment coefficient, n » average number of electron-molecule collisions for a 
path equal to the tube radius, N « number of photoelectrons released from the cathode) 
sufficiently small -namely, much smaller than unity— such photons would actually be un- 
able to interfere with the quenching mechanism. 



GEIGER-MUELLER COUNTER DISCHARGE 


583 


and butane. It appears necessary to assume the deposition of dielectric poly- 
mers on small preferred areas of the cathode surface. Formation of such 
polymers is known to occur easily in electrical discharges (4) in the presence of 
even small quantities of hydrocarbon material. Watson has mentioned at this 
Symposium the observation of polymer deposits on metal surfaces in the electric 
fields of electron microscopes. It seems worth pointing out that the above- 
described surface mechanism provides an intense source of molecular radicals 
near metal surfaces, so that the metal surface acts as a catalyst to chemical ac- 
tion by providing radical production from whole molecules in excited states. 

Neutralization mechanism and the life of the excited states are related to the 
ability for quenching. The critical distance of neutralization is dependent on 
the work function of the metal and somewhat on the ionization energy of the 
ion. Studies which concern these variables may lead to interesting conclusions. 
The probability of actual dissociation within the critical distance subsequently 
is related directly to the lifetime of the excited state, which would depend on the 
nature of the molecule and might l>e related by proper experiments to quenching 
action,^ 


The mobility of polyatomic ions 

The motion of the ions and their final neutralization at the cathode are in- 
timately related to the recovery of the counter tube after each individual dis- 
charge pulse. The cylindrical ion sheath produces a space-charge which lowers 
the electrical field near the anode wire. This field “recovers’^ slowly as the space- 
charge sheath moves out with a velocity characteristic of the electrical field in the 
particular geometry" of the electrodes and the mobility of the ions under those 
conditions. Stever (10) has devised an experiment which essentially measures 
recovery of the electrical field due to the motion of the ion sheath as a function of 
time after an individual pulse has commenced. Figure 2 shows the type of 
characteristic obtained. This curve is obtained directly on a cathode-ray tube 
and reflects the position of the ion sheath at every instant, figured from the time 
of its formation. 

Aside from the value of such an experiment for obtaining knowledge as to the 
practical recovery time of the counters, this type of measurement happens to 
yield the position of the ions on a continuous basis, and therefore upon recalcula- 
tion will yield a continuous record of mobility along a path of travel some 10"*^ 
sec. in duration, or over some 10® molecular collisions. Since the present scope 
of knowledge on the mobilities of large ions is contradictory and somewhat chao- 
tic, such measurements may be very valuable. 

The shape of the ^‘recovery time curve’’ can be calculated and an analytical 
expression obtained with the mobility as a variable. It is then possible to 
determine: (1) whether the mobility of the ions formed is essentially a constant 
over their entire path, i.e., during and after about 10® kinetic impacts; (^) what 
the mobility is under the particular pressure and field conditions. 

• This was recently pointed out to me by S. C, Brown of the Massachusetts Institute of 
Technology. 
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A striking fact which such work has brought forth so far is that the observed 
mobilities, k, of the various organic gases do not necessarily relate to the molec- 
ular mass M of tiie parent molecule (e.g., by the relation k = const. (M)~*) as 
might be expected. 

This conclusion is not surprising in view of mass-spectrometer research 
data which show very conclusively that, in the electron bombardment of a gas of 
complex molecular structure, ions are formed which are not necessarily the ions 
of the parent molecule, but that dissociation is taking place along with ionization, 
leading to the ions of smaller mass. The relative abundance is often definitely 
in favor of fragment ions; in fact in some molecules, such as tetramethyllead, 
no measurable parent ion intensity at all is found. 



Flo. 2. The variation of the effective electrical field near the wire after a discharge was 
initiated. Et = field when no discharge takes place. Ei — threshold field, or minimum 
field in which a full electron avalanche can be formed. Drawn-out curve is observed 
experimentally. 

Kinetics of dissociation products 

Molecular fragmentation not only into fragment ions, but also into electrically 
neutral radicals, takes place not only durii^ the neutralization act at the cathode 
but also because of direct electron bombardment in the initial multiplication 
procew. 

As already mentioned, there is some evidence for the formation of polymers on 
the cathode when normal hydrocarbons supply the bulk of the effects. But 
aside from this effect there is considerable re-formation of gaseous products, and 
the modes of reaction and the type of products are of considerable interest. 
Condiriems are similar to those which have been studied in connection with 
chemical effects in various gaseous electrical discharges (4). However, there is a 
differmce in that there is not a continuous flow of bennbarding electrons in the 
counter discharge, but only a short period of electron bombardm^t of less than 
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a microsecond duration, and also in that the size of this burst can be readily 
measured and controlled. Studies concerning the reaction product obtained 
under these conditions have been attempted (3, 9), and it is felt that they may 
help develop somewhat further the knowledge of the effects of slow-electron 
bmnbardment on molecules. 
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This paper will discuss investigations of the reaction of carbon tetrachloride 
with bromine activated by isomeric nuclear transition and by neutron capture 
(2, 14, 15). These studies have yielded evidence pertinent to the following 
topics: (7) the physical and chemical (Szilard-Chalmers process) phenomena 
associated with isomeric transition and neutron-gamma processes; (^) the pos- 
sibility of multiple-bond rupture in a molecule which acts as a *^third body** 
in the process of neutralization of an ion; (S) the Franck-Rabinowitch '"cage** 
hypothesis. They are part of a more general program of investigation of reac- 
tions of halogens with halogenated methanes being carried on in our laboratories. 

TYPES OF ACTIVATION 

Naturally occurring bromine consists of approximately equal amounts of two 
isotopes, Br^® and Br®^. Each of these isotopes is able to capture slow neutrons 

^ Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 
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to form a radioisotope one unit higher in atomic weight. Br*^, so formed, decays 
to Kr®* by beta emission with a half-life of 34 hr. The capture of neutrons by 
Br’^® yields two energy states of the Br*® nucleus. The higher-energy state of 
Br®® decays to the lower with a half-life of 4.4 hr. by loss of energy as a gamma 
ray or, much more frequently, a conversion electron,® while the lower state decays 
to Kr®® by beta emission with a half-life of 18 min. Portions of these relation- 
ships of significance to the discussion of this paper are illustrated by the following 
equations; 


Neutron capture 

/ 

/6 m.e.v. 7 

/ 

/ \ 

4000 kg.-cftl./ abnormally reactive at time ol lormation 


Isomeric transition 
3 gBi'*“ (18 min.) +0,5 m.e.v. y 

36 Br«» (4.4 hr.) 

.wBr*® (18 min.) + conversion electron 
T 

abnormally reactive at time of formation 

The capture of a neutron by either of the natural bromine isotopes is an 
exoergic process accompanied by the emission of one or more high-energy gamma 
rays. For a typical case where a single gamma ray of 5 m.e.v. is emitted, it 
may be calculated, from considerations of conservation of momentum, that 
the bromine atom receives a recoil energy of about 4000 kg.-cal. per mole. 
Since this energy is far in excess of chemical-bond and activation energies, radio- 
bromine atoms formed by the neutron-gamma reaction are split out of their par- 
ent molecules (Szilard-Chalmers reaction) and may react with other molecules 
with which bromine does not normally react. 

When the higher-energy state of the Br®* nucleus, Br®® (4.4 hr.), undergoes 
transition to the lower-energy state, Br®® (18 min.), the majority of the events 
lead to the ejection of aK electron. This in turn leads to the emission of an x- 
ray or to the ejection of an L electron (Auger electron). There is reason to be- 
lieve that 90 per cent or more of the transitions produce a singly- or multiply- 
positively charged bromine atom. Such ions have been observed to undergo a 
variety of chemical reactions, some of which do not occur readily by other methods 
of activation. These reactions cannot be due to recoil energy of the bromine 
atmn, since neither the conversion electron nor the occasional gamma ray emitted 

• A conversion electron is an extranuclear electron ejected by the energy of the nuclear 
transition. 
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in the isomeric transition process is of sufficiently high energy to give a recoil 
energy equivalent to that required for the chemical reactions observed. The 
recoil energy from the 48.9 k.e.v. gamma ray characteristic of the isomeric 
transition is about 0.2 kg.-cal. per mole, and the recoil energy from the 47.2 
k.e.v. conversion electron is about 3.7 kg.-cal. per mole. Therefore it seems 
necessary to assume that the chemical reactions which follow the isomeric 
transition are a result of the formation of a positive bromine ion by the loss of a 
conversion electron from a bromine atom. 

'rnUC.IiL KfiACTIONS 

Results of qualitative interest on a variety of reactions activated by the iso- 
meric radioactive transition of bromine are given in table 1. In the case of the 
decomposition reactions, the “per cent efficiency” indicates the fraction of the 
transitions from Br*® (4.4 hr.) to Br*® (18 min.) which produced the Br*® (18 min.) 
in an inorganic form (Brj or HBr) which could be extracted from the organic par- 

TABLK 1 


lieaciioHH activated by the uomeric radioactive transition of bromine 



PER 


PER 

I>L(.OMl‘C)SlTION «hA(TIOKS 

CENT 

EPFI- 

RK\CT10NS OF I-REF 

CENT 

EFFl- 


CIENCY 


CIENCY 

C*H 4 Br 2 (liquid) (aniliuc projjoiit ) 

S8 

Mineral oil + Br* 

641 

C 2 H 4 Br 2 (liquid) (no aniline) 

69 

CCb (liquili) -1- Br* 

34 

(gas) 

73 

CCI 4 (gas) -h Br* 

0 

OjHsBr* (liquid) (aniline prosont ) 

65 

Saturated CBr 4 in (’Cd 4 4* Br* 

34 

. 


(C\dh) 2 () (liquid) 4- Br; 

15 



REACTION BKT^TEN COMPOUNDS 


II., 4- Br! 

i 0 

C.lb(-'iIBrC;UBrCOOH* + CCI, 

50 

1 



Br* indicates Hr*® (4.4 hr. half-life). 


ent by aqueous reducing agent. In the case of the cinnamic acid dibromide 
reaction the “per cent efficiency” is the percentage of the isomeric transitions 
which produced organically bound Br®® (18 min.) which could be distilled away 
from the parent molecule (presumably as CCUBr) . For the reaction of elemental 
bromine with hydrogen gas the efficiency refers to the fraction of transitions 
which produced hydrogen bromide containing Br®® (18 min.). In the case of 
the other reactions of elemental bromine the efficiency indicates the fraction of 
the transitions which produced bromine not extractable with aqueous reducing 
agent. 

It will be noted that the transition can lead to the splitting out of bromine 
from a parent molecule and to its subsequent reaction with other molecules, 
including such usually unreactive compounds as carbon tetrachloride. Since, 
as discussed above, an isomeric transition of Br®® in which the energy is lost by 
gamma emission cannot cause the breaking of a carbon-bromine bond, and since 
as much as 88 per cent of the transitions resulted in chemical separation in one 
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case citad in table 1, at least 88 per cent oi the transiti<n)s must occur by the 
me chani s m of conversion-electron emission. The conversion coefficient must be 
at least 88 per cent and may be higher, since some of the bromine atoms initia lly 
liberated may have reSntered combination in the form of the parent molecule. 

The fraction of nuclear events which lead to organicfdly bound bromine when 
molecular bromine undergoing isomeric transition or neutron capture is dissolved 
in carbon tetrachloride is shown in figure 1 as a function of bromine concen- 
tration. This plot indicates that the efficiency of the two types of activatimi 



Fio. 1. Reaction of bromine with carbon tetrachloride. Curve A, reaction initiated by 
neutron capture; curve B, reaction initiated by isomeric transition. 


for this particular reaction is similar, even though the initial activation in one 
case is in the form of high kinetic energy and in the other case in the form of 
ionization of the brcraiine atom. As would be expected, the fraction of the 
nuclear events which form organic^y bound bromine decreases with inomnaing 
bromine concentration and consequently increased opportunity for the 
activated bromine atoms to lose their identity by exchange with inactive bromine 
in the sj^tem. 

If tile enei^ which is made available to a bromine atom by the transition from 
tile 4.4-hr. to the 18-mm. species is greatly in excess of the activation energy le- 
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quired for a given chemical reaction of the bromine, it is to be expected that the 
reaction will be independent of temperature. To test this point the maximum 
fraction of the activity which will enter organic combination by reaction with 
carbon tetrachloride has been determined at room temperature, at — 10°C. 
where the reaction mixture is a liquid, at — 50°C. where it is a solid, and at liquid- 
air temperatures. The results are given in table 2. The accuracy of the data 
is adequate to show qualitatively that temperature has little or no direct effect 
upon the reaction but that the reaction eflSciency is reduced to about one-third 
of its liquid-phase value when the reaction system is frozen, since the system 
changed from liquid to solid in the change from —10® to — 50®C. 

Since the processes of nuclear activation “tag’’ those atoms, and only those 
atoms, which are chemically activated, one has the unique opportunity of ob- 
serving the final chemical form of the initially activated atom. This is in con- 
trast to photochemical activation, where the number of initially activated mole- 
cules is known but where it is impossible to tell whether these atoms or atoms 

TABLE 2 


Effect of temperature and phase on the reaction of bromine with carbon tetrachloride as a result 

of isomeric transition 


T 

TOTAL COUNTS 

Br IN ORGANIC 

Br IN ORGANIC 


PE« MINUTE 

COMBINATION 

COMBINATION 

•c. 


counts /min. 

per cent 

25 (liquid) 

1061 

361 

34 

— 10 (liquid) 

i 518 

155 

1 30 

—50 (solid) ' 

566 

45 

i * 

-190 (solid) : 

1190 

' 145 

! 12 


formed by secondarj^ processes enter into the final products. However, the use 
of nuclear activation as a tool for the study of chemical kinetics suffers from the 
fact that the energy imparted to the atom is very much in excess of that neces- 
sary for the ordinary chemical reaction. 

EXPERIMENTAL METHODS 

The type of equipment which was used in one stage of the work on these proces- 
ses is illustrated in figure 2. Br®° (4.4 hr.), available in the form of sodium 
bromide, was oxidized to free bromine in tube A, distilled and dried in tubes B 
and C, and admitt^ed to pure dry carbon tetrachloride in ampules at F. Care- 
fully purified carbon tetrachloride was stored in G after drying and degassing 
and was admitted to the ampules at F with the aid of all-glass taps opened by a 
magnetic hammer. This equipment was used in the early work on the nuclear 
activation to minimize the possibility of impurity effects such as those common 
to photochemical reactions of halogens. It was soon found, however, that the 
reactions resulting from nuclear activation were not sensitive to such impurities 
and much of the work was carried out without such rigorous purification. 

After sealing the reaction mixtures in the ampules at F , they were allowed to 



590 


JOJEJLN* £!• ^V^XIiLAiXtiD 


stand for several IS-min. half-lives, in the case of the isomeric transition reaction, 
and then were opened, extracted with an aqueous solution of reducing agent, 
and the extract and organic layer were counted separately in a solution-type 
Geiger-Mueller counter. These measurements gave information on the frac- 
tion of the transitions which had led to organic combination of the bromine which 
was originally present as the element. Similar techniques were used for the 
neutron-gamma study, except that the ampules did not originally ccmtain radio- 
active bromine but were exposed to neutron irradiation for an appropriate time 
before extraction and counting. 



Fig. 2. Apparatus used in study of reactions resulting from isomeric transitions 
MECHANISMS OF REACTIONS RESULTING FROM ISOMERIC TRANSITION 

On the basis of the evidence now available, reactions accompanying the iso- 
meric transition of Br*®, which lead to the separation of the daughter from the 
parent activity, may be classified tentatively according to three types as follows: 

(i) Decomposition reactions which occur because a bromine-containing mole- 
cule is left in a repulsive (imstable) ionic state as the result of the loss of a con- 
version electron and Auger electrons by the bromine atom in the molecule. 
This may lead to the decomposition of the molecular ion into a radical and a 
Br^ (18 min.) ion. Included among the published examples of this type of reaction 
are the decompositions of bromate ion (3), ethylene dibromide (7), and other 
organic bromides (4). The loss of Br*® (18 min.) by <cr<-butyl bromide in water- 
alcohol solution (10) is probably also a result of this t 5 q>e of reaction. 

The type may be illustrated by the case of ethyl bromide: 

CsH3r»® (4.4 hr.) -»■ CjHsBr*® (18 min.)+ -f « 

CjHsBr*® (18 min.)+ -♦ CiHs + Br*® (18 min.)+ 
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(S) Addition reactions in which a Br®® (18 min.) ion formed in a reaction of 
type 1 acquires an electron and then combines with a free radical. This free 
radical may be formed from a neighboring molecule by the energy released in the 
process of neutralization of the bromine ion. Reactions of type 2 will have a 
much greater probability of occurrence in solution than in the gas phase (table 
3). The reaction of liquid and solid carbon tetrachloride with elemental radio- 
active bromine and the reaction of carbon tetrachloride with bromine incor- 
porated in the cinnamic acid dibromide molecule are examples of this type of 
mechanism. 

Steps such as those below may be involved: 

ecu + Br®® (18 min.)+ + € CCU + Br®® (18 min.) + Cl 
ecu + Br®® (18 min.) CCUBr®® (18 min.) 

TABLE 3 

Percentage of bromme which enters organic combination following nuclear activation 
Concentrations: solutions for n-y reactions, 0.7 mole per cent Br2; solutions for isomeric 
transition reactions, 0.1 mole per cent Brj; gas phase Br2'-C‘>Cl4, n-y reaction, 15 mm. 
C2CI4 to 30 mm. Br2; gas phase Brj-CuCL. isomeric transition reaction, about 3 mm. Br2 to 
3 mm C2CI4; gas phase Bra-CCL, n-y reaction, 60 mm. C’CL to 60 mm. Br^; gas phase 
Br2-CCl4, isomeric transition reaction, 700 mm. CCI4 to 100 mm. Br2 


PHAS£ 

ACTIVATION 

WITH CtCU 

WITH CCU 

Solution 

n-y 

37 

24 

Gas 

n-y 

0 

1.9 

Solution 

Isomeric transition 

85 

I 34 

Gas 

Isomeric transition j 

i 19 1 

1.1 


(3) Reactions in which a Br®® (18 min.) ion formed in a reaction of type 1 
acquires an electron and then reacts with a normal molecule rather than with a 
radical as in type 2. This type of reaction is similar to reactions resulting from 
the photochemical production of bromine atoms. It occurs in the gas phase as 
well as in solution. It is illustrated by the reaction of Br®® (18 min.) from radio- 
active hydrogen bromide with acetylene (13). 

Br®® (18 min.) + C 2 H 2 CaHsBr®® (18 min.) 

CaHaBr®® (18 min.) + HBr CaHsBr®® (18 min.) + Br 

MECHANISMS OP HK.XCTIONS RESULTING FROM THE NEUTRON-GAMMA PROCESS 

The very high kinetic energy of radiobromine atoms produced by the neutron- 
gamma reaction undoubtedly accounts for the splitting off of these atoms from 
the parent molecule. Since the kinetic energy is also probably sufiBcient to 
result in the stripping off of electrons from the atom as it moves through the 
surrounding medium, it is possible that the mechanism of subsequent reaction 
of such atoms with molecules of the medium is similar to the mechanism of reac- 
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tioQs produced by the isomeric transition. There is also the possibility that 
reaction results from the high kinetic energy of the atom. Reaction Trith dif> 
feient materials may depend on one or the other of these mechanisms in different 
degree. Reaction systems in which the probability of reaction following ac- 
tivation by the neutron-gamma reaction is not identical with that following the 
isomeric transition reaction are illustrated by the data of figure 1 and table 3. 

PBODUcrrs of reaction of bromine with carbon tetrachloride 

FOLLOWING NUCLEAR ACTIVATION 

Table 4 shows the results of experiments in which some indication was ob- 
tained of the identity of the organic molecules formed by reaction of bromine 
with carbon tetrachloride following neutron capture and isomeric transition. 
These data were obtained by adding bromotrichloromethane and dibromo- 
dichloromethane to the organic fraction of reaction mixtures after extraction of 
the free bromine. The mixtures wdth these “carriers” were then distilled and the 
fraction of bromine in each species of organic compound was determined by 
taking counts on the appropriate fractions of the distillate. The fact that 


TABLE 4 

Identity of products of reaction of bromine with carbon tetrachloride resulting from 

nuclear activation 


1 

NEUTRON CAPTURE 

ISOMERIC TRANSITION 


per cent 

Per cent 

CClsBr 

55 1 

70 

CBrjCla . 

20 


Higher-boiling compounds | 

25 

30 


radiobromine appears in organic molecules containing more than one atom of 
bromine suggests the possibility that when a carbon tetrachloride molecule acts 
as a “third body” for the neutralization of a bromine cation the energy of neu- 
tralization can cause the rupture of more than one bond in the molecule. Mul- 
tiple rupture must have occurred for more than one bromine atom per molecule 
to enter organic combination. The results do not exclude the possibility, how- 
ever, that the bonds are broken in several steps as a result of the stepwise neu- 
tralization of a multiply charged bromine cation. 

FRANCK AND RABINOWITCH HYPOTHESIS 

Franck and Rabinowitch (5; see also 1, 8, 9) have discussed factors which 
mi^t be expected to cause lower quantum yields in solution than in the gas 
phase in the case of photochemical reactions in which the primaiy process in 
the gas involves the production of atoms or radicals. 

The reactions of brcnnine atoms following neutron capture and following iso- 
meric transition appear to offer a definite experimental example of the effect of 
solvent in favoring the combination of atoms and radicals which are formed in 
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the same solvent envelope. If the mechanism which is pictured is correct, these 
bromine atoms split carbon tetrachloride molecules into radicals and atoms and 
then may react with the radicals formed. The atoms resulting from either neu- 
tron capture or isomeric transition are tagged with radioactivity, so it is pos- 
sible to determine whether the 'particular atom which forms a radical reacts with 
it. The fact that little or no reaction between these atoms and the carbon tetra- 
chloride occurs in the gas phase (table 3) in contrast to the liquid seems to indi- 
cate the ability of an envelope of carbon tetrachloride molecules to bring about 
the combination of carbon tetrachloride fragments and bromine atoms by de- 
creasing the probability of their diffusing away from each other, and by removing 
their energy of combination before such diffusion occurs. 

COMPARISON OF REACTIONS OF BROMINE WITH CARBON TETRACHLORIDE 
AND WITH TETRACHLOROETHYLENE FOLLOWING NUCLEAR ACTIVATION 

For every bromine atom which enters organic combination with carbon tetra- 
chloride following isomeric transition or neutron capture there are two or three 
which do not. What becomes of them? Suess (12) has shown that bromine 
atoms which have split out of hydrogen bromide following isomeric transition 
add to acetylene as photochemically produced atoms would. 

We have chosen tetrachloroethylene as the compound most similar to carbon 
tetrachloride which would add bromine photochemically and have allowed bro- 
mine to react with it as a result of isomeric transition and of neutron capture in 
the dark. 

Because of the presence of the tetrachloroethylene double bond those bromine 
atoms which are activated by neutron capture or isomeric transition but which 
become normal bromine atoms before entering organic combination might still 
be expected to react, just as photochemically produced atoms would. This 
should lead to a larger fraction of the captures or transitions resulting in the 
formation of organically bound radiobromine in tetrachloroethylene than in 
carbon tetrachloride. Such an increase might also result, however, from the 
formation of organically bound radiobromine in tetrachloroethylene by a free- 
radical mechanism similar to that of the carbon tetrachloride reaction but more 
eflScient, owing to the different nature of tetrachloroethylene. 

Table 3 shows that for the case of the isomeric transition the predicted increase 
occurs; the amount of reaction with tetrachloroethylene is much greater than 
with carbon tetrachloride. The fact that a reaction occurs in the gas phase 
with tetrachloroethylene suggests that the increased reaction is due to the reac- 
tion of normal atoms with the double bond, instead of an increased efficiency of 
the type of free-radical mechanism which is believed to account for the reaction 
with carbon tetrachloride, A free-radical combination would not be expected 
to occur in the gas (15), but a gas-phase photochemical bromination of tetra- 
chloroethylene occurs at room temperature (11), indicating that bromine atoms 
can add to the double bond in the gas. In any case it is to be expected that the 
possibility for radioactive bromine atoms to exchange with non-radioactive bro- 
mine molecules will prevent some of the activity from appearing in organic com- 
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bination. This exchange may account for the difference between the percentages 
of organically bound bromine in the solution and gas-phase isomeric transition 
reactions with tetrachloroethylene. The ratio of bromine to tetrachloroethylene 
molecules in the gas was about 1 to 1, and in solution only 1 to 1000. 

There remains the question as to why, as shown in table 3, isomeric transition 
is much more effective than neutron capture in causing reaction of bromine with 
tetrachloroethylene. One hj^pothesis will be suggested. 

This assumes that a bromine atom with high recoil energy may collide with a 
chlorine atom of a tetrachloroethylene molecule with the formation of a bromine 
chloride molecule which has enough kinetic energy to escape from the trichloro- 
ethylene radical formed. If bromine chloride, like bromine (16) and chlorine 
(6), does not readily react with tetrachloroethylene in the dark, radioactive bro- 
mine would thus be prevented from entering organic combination. The bromine 
atom resulting from isomeric transition is activated by virtue of its charge rather 
than its kinetic energy and would not be expected to take part in a process such 
as that outlined. If it did not combine with a free radical formed in the process 
of its neutralization, it might then be expected to be free to add to the double 
bond. 
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The chemical characteristics of atoms which have undergone nuclear disinte- 
gration have been studied at least since the appearance of induced radioactivity. 
The effects observed are usually attributed to either of two distinct processes. 
In one, the nuclear radiation interacts directly with orbital electrons to produce 
highly ionized and electronically excited atoms. If the radiating atom is a part 
of a molecular structure, the latter will ordinarily decompose. The liberated 
atom will then react with environmental species and reach a stable chemical state 
which may be quite different from its initial state. Dr. Willard (6) has presented 
an instructive discussion of the behavior of 18-min. by the decay of 4.4-hr. 
Br“. The origin of the chemical reactivity observed has been shown to be the 
result of profound ionization following the loss of a or L electron in the process 
of internal conversion. 

In contrast, the very energetic 7-rays emitted immediately following neutron 
capture interact very rarely with the orbital electrons of the radiating atom. 
However, the 7-ray imposes a recoil of the order of several hundred electron volts 
on the radiating atom. The latter will nearly always break any chemical bonds 
of which it is a part and, furthermore, may by collision eject and replace atoms 
in surrounding species. These effects are exploited in the chemical separation 
of neutron-induced radiospecies from target substances of the same atomic 
number. 

Whether the nuclear process of ^ decay will produce chemical effects by one 
of these two mechanisms is not clear in advance of test. Accurate calculation 
of the recoil associated with the radiation is difficult. The interaction of the 
)5-rays with orbital electrons of the source atom has been discussed only briefly 
by theoretical physicists (1). 

The usual chemical effect in ^ decay is properly attributed to the correspond- 
ing increase in atomic number. The new element is unstable in the same chemi- 
cal state as its predecessor and an adjustment follows. Opportunity for a more 
interesting study, however, appears in the case of the rare earths and of the 
transition elements. Here, experimental conditions can be found such that 
similar compounds containing either parent or daughter are stable. If then the 
daughter element is found in a radically different chemical state from that of its 
precursor, direct perturbation by the nuclear process is suggested. Another 
area for experimentation is furnished by the electronegative elements in aqueous 

^ Presented at tiic Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 

® This presentation is based primarily on three papers of th(' Plutonium Project Record 
(awaiting publication) : Volume 9B, Paper No. 3.3.4 by H. Gest, R. R. Edwards, and T. H. 
Davies; Volume 9B, Paper No. 3.3.5 by R. R. Edwards, H. Gest, and T. 11. Davies; Volume 
9B, Paper No. 3.3.2 by W. H. Burgus and T. II. Davies. 
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solution. These form oxygenated molecule-ions Mirhioh for neighboring elements 
may differ only in total charge. The phosphate-sulfate and selenite-bromate 
pairs will illustrate. 

Besides the considerations just discussed, several other factors must be favor- 
able before an experimental study of /3“ decay effects can be made. The product 
of the decay must also be radioactive if the chemical characteristics of such 
small quantities of material are to be detected. This requirement confines study 
to the radiospecies which occur in fission or to the naturally radioactive heavy 
elements, since decay chains appear rarely elsewhere. Further, the half-life of 
Ibe daughter must not be too much longer than that of the parent if distressin^y 
high levels of radioactivity in the initial stage are to be avoided. Finally, the 
daughter element must exhibit at least several stable chemical states under the 


TABLE 1 

Radiattonx and genetics of nuclei used in tests 


19 min. La'** 


25 min. Se** 


~2 min. Se'* 


77 hr. Te'** 






r 

(.’) r 

1.5 m.e.v. 

(?) m.e.v. e"* 

m.e.v. y 

0.2, 0.4, 

y 


1.1 m.e.v. 

X 


1 J 



0.28 m.e.v. 
(?) m.e.v. 
0.22 m.e.v. 
rays 


33 hr. Ce'*» 


2.4 hr. Br** 30 min. Br»* 


2.4 hr. I'»» 


r 

1.4 r 

0.9 m.e.v. ^ 

5.3 m.e.v. ^ 


m.e.v. 



T 

0.5 

y 

(?) m.e.v. 


m.e.v. 



> 

I 

l 

t 

y 

l 


1.0 m.e.v. 
( 60 *’^) 

2.1 m.e.v. 
(50%) 

0.6, 1.4 
m.e.v. 


13.8 d. Pr*** 113 min. Kr»»* Kr»* (stable) 


Xe‘** (stable) 


experimental conditions selected if the study is to have point. Despite these 
limitations, cases worth study may be found here and there in the isotope tables. 

As a point of departure, we chose the fission product pair La‘“-Ce’“, the decay 
characteristics for which appear in table 1. Our initial viewpoint was that tetra- 
valent cerium ion should be expected from the decay of aqueous trivalent lan- 
thanum ion provided the radiative process did not produce excitation: 

La-« 

To test this balanced nuclear and chemical equation, conditions had to be 
found under which tracer concentrations ctf both cerous and ceric ion were stable. 
Also required was a reagent which would distinguish the two valence states in 
such a solution. Success was finally obtained with a 5 M nitric acid solution, 
0.3 M in iodic acid. When 10 mg. of crystaJUne zirconium iodate was suspended 
in 30 ml. of such a solution for 3 hr., 80-97 per cent an authentic sample oS 
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ceric tracer present was found with the solid after collection. In contrast, only 
2 per cent on the average of a ceroiis tracer was found with the solid in a similar 
experiment. Early preparations of amorphous zirconium iodate were unsatis- 
factory because of high cerous-ion adsorption. Compounds of stable cerium 
could not be used for separation because of the rapid exchange between radio- 
active and stable species: 

Ce(III)* + Ce(IV) Ce(lV)’*' + Ce(IIl) 

The experiments to determine the effect of ^ emission on the chemistry of the 
daughter Ce'^® were carried out essentially as follows: 

A partially purified fraction of rare earth fission products was prepared from 
pile-bombarded uranyl nitrate hexahydrate as rapidly as possible because of the 
short half-life of La^^®. The preparation was added to the nitric acid-iodic acid 
solution and an aliquot taken for the determination of initial Ce'^® by radio- 
chemical analysis. A second aliquot was taken for the assay of total Ce'^® at the 
end of the decay period. In a third aliquot, solid zirconium iodate was sus- 
pended by mechanical stirring for 3 hr., after which it was collected by centri- 
fugation. Radiochemical analysis for Ce^^ in the several aliquots, including the 
supernatant from the zirconium iodate slurry, permitted the distribution between 
the tri- and tetra-valent states of the cerium growm from lanthanum during the 
decay period to be estimated. In our best experiment 60 per cent of this cerium 
was found in the tetravalent state. 

This result may represent the actual probability of Ce(IV) as the initial 
product of lanthanum decay. It is also possible, however, that the 40 per cent 
present as Ce(III) may represent the proportion of newly formed ceric ion which 
exchanges before adsorption can occur with the stable cerous ion unavoidably 
present in the system as contaminant. Because of this and other difficulties, 
experimentation was not carried further. 

Later studies were made on the decay of aqueous selenium and tellurium ions 
to halogens. Here the variety of stable states known for both parent and 
daughter elements promised more opportunity for informative experimentation 
than was offered by the lanthanum-cerium chain. The characteristics of the 
decay chains used appear in table 1 . The radiations of the nuclei in the first row 
are those for which accompanying chemical effects are souglit. The radiations 
of the second-row members are the means by w'hich the behavior of the daughter 
species in chemical fractionations can be determined. Note that the j 8 “ radia- 
tions of the parent nuclei are “contaminated” with 7 -rays and conversion elec- 
trons. In apology, we mention that these complexities were found only after 
the studies were begun. 

A search was made for procedures by which the several aqueous stable states 
of bromine and iodine might be distinguished. Methods were found to frac- 
tionate the product bromine between a bromate and a reduced fraction and the 
product iodine ft m oTig a periodate, an iodate, and a reduced fraction. Because 
of rapid exchange among the halide, halogen, and hypohalite states, no way to 
distinguish these species was found. The reduced fraction of the radiobromine 
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was separated frcan bromate ion by adsorption of the former with freshly pre- 
pared solid silver bromide. Reduced forms of radioiodine were precipitated 
directly with silver iodide, iodate was separated by precipitation of barium iodate 
at pH 3.0, and periodate by the precipitation of bismuth pariodate in 1 iV nitric 
acid. 

Before the experiments on decay could be made, a number of preliminary 
points required clarification. A few details from the selenium-bromine studies 
will illustrate. Since SeOa is thermodynamically capable of reducing BrOj", 
the rate of this reaction was tested. With carrier quantities of SeOa — and BrOs", 
the oxidation-reduction proceeded with disturbing speed in all solutions acid to 
pH 7.0. An attempt was made to reduce the rate by use of tracer concentrations. 
In alkaline solutions no difficulty on this score was encountered. The reaction 
of BrOj~ and Br~ to give Br* had to be controlled also, since the original distribu- 
tion of the radiobromine could be altered thereby before fractionation. This 
diflSculty was entirely eliminated by the use of carrier bromate, but not bromide, 
in the decay solutions. Any chemically stable radiobromate ion produced by 
selenium decay should mix with the carrier and suffer reduction in the same pro- 
portion as the carrier. No more than a vanishing proportion of the carrier is 
reduced by bromide ion, however, since the only sources of the latter are from 
impurities in the reagents, from decay of selenium, and from the solubility of 
silver bromide. Of course, radiobromide ion from selenium decay may be oxi- 
dized to the elementary state, but as shown by test it wrill nevertheless coseparate 
with solid silver bromide as part of the reduced fraction. The exchange reaction : 

Brs* -f BrOr t:? Br*0,- -|- Brj 

was also a point of concern, since, if operative (3), all of the radiobromine resulting 
from the nuclear reaction could be transferred to the bromate state before frac- 
tionation. However, under the experimental conditions used, no exchange could 
be detected. 

Finally, a number of problems of a more strictly radiochemical nature appeared 
in the preparation and counting of the radiospecies used, but we shall neglect 
these and close our discussion of procedure by outlining a typical run: Radio- 
active selenium was isolated from neutron-bombarded uranium trioxide, using a 
selenium carrier. The pure fission selenium in the selenite state wras added to 
30 ml. of dilute nitric acid containing 50 mg. of carrier selenium as SeOj — . Suffi- 
cient BrOa~ was added to give 2 mg. Br per milliliter and the solution was ad- 
justed to the desired pH value. E^ntially complete decay of the 25 min. Se“ 
was then awaited (90 min. allowed). Aliquots (10 ml.) of the decay solution 
were taken for determination of (a) total Br**, (6) Br** in reduced states, and (c) 
Br** as BrOs". For (a) additional BrOa” carrier was added and hydrogen sulfide 
passed in at room temperature. The selenium precipitate was discarded, hy- 
drogen sulfide was expelled by boiling after addition of perchloric acid, and the 
residual bromide ion precipitated with silver icax. For (6) freddy prepared 
silver brcmiide (235 mg.) was added and, after 10 min. mechanical stirring, 
collected. For (c) the supernatant from (b) containing the Br** as BrOa~ was 
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treated essentially as aliquot (a). The three samples were mounted and the 
2.4 hr. Br®® ^ activity compared in a conventional counting arrangement. Care 
was exercised throughout to examine equal weights of silver bromide at similar 
counting geometries. 

In table 2 appears the observed distribution of Br®® from the decay of Se®® 
present as SeO or Se 04 . The scattering of values for experiments 1 to 4 is 
indicative of the reproducibility obtained. In experiment 4, the stock solution 
of fission selenium was prepared rapidly enough to include significant amounts 

TABLE 2 


Distribution of IAt from the decay of radioselenite and radioselenate ions 


EXPERIlfENT j 

CHAIN 

1 1 

SOURCE OF ACTIVITY 

1 

PARENT ION 

pH 

PER CENT OP 
TOTAL Br AS 
BxO» 

1 . 

83 

Se (n, y) 

seor- 

7.0 

38 

2 

83 

U fission 


7.2 

30 

3 

83 

U fission 

SeO~“ 

7.0 

42 

4 

83 

IT fission 

SeOr 

7.2 

56 


Hi 

U fission | 

SeO'” 

7.2 

51 

5 ‘ 

m 

1 U fission 1 

Se07~ 

7.2 

39 


TABLE 3 


Distribution of bromine from the decay of radioselenite at trace concentrations 


EXPERIMENT 

pH 

TIME PROM PREPARATION OP 1 

SeOa ~ TO separation op Br i 

PER CENT OP TOTAL Bl« 
AS BrOa 

1 


min. 


1 1 

3.1 

80 i 

20 

2 . . .i 

6.6 

80 

26 

3 i 

6.9 

80 i 

39 

4 (a) 

7.0 

80 

32 

(b) 1 

7.0 

160 

30 

(c) 

7.0 

340 

26 

5 

7.0 

80 

40 

6 

7.0 

80 

54 

7 

10.6 

80 

24 

8 

11.1 

80 

27 

9 

11,2 

80 

30 


of ^^2 min. Se®*. The distribution of the daughter 33 min. Br®* was distinguished 
from that of Br®® by a procedure utilizing the much harder radiations and 
shorter half-life of the former. Since the distributions of the two radiobromine 
isotopes were obtained from the same samples after a single series of manipula- 
tions, the small * ‘isotope effect^’ should be more significant than if observed in 
separate experiments. Note that in experiment 5 the decay of Se®® as Se04 
gave essentially the same distribution of radiobromine as in the decay of SeOa . 

The data of table 3 represent an attempt to detect an effect of acidity upon 
radiobromine distribution. In an effort to decrease the rate of interaction of 
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SeO( — and BrOs", the addition of carrier quantities of these was omitted. The 
decrease in radiobromate ion in experiment 4 with increased standing times 
after completion oS selenium decay suggests that the device was not very success- 
ful. Reduction erf BrO,“ in experiment 1 was probably extensive. In experi- 
ment 7 a 8q>arate aliquot (10 ml.) of the neutral decay solution was taken at the 
beginning of the decay period in a test for reactive bromine species in the mixture. 
The aliquot was stirred for 90 min. with 10 ml. of ethylidene bromide, CHiCHBrs, 
which substitutes atomic bromine but not molecular bromine. Examination of 
the organic phase disclosed approximately 23 per cent of the Br” produced during 
the decay period in the phase and not extractable with aqueous bisulfite solution. 
This interesting indication of high chemical reactivity of the daughter bromine 
has not yet been examined further. 

Table 4 presents the results from a “best” set of experiments on the chemical 
distribution of 2.4 hr. from the decay of 77 hr. Te*“. 

Our determination of the distribution of radiohalogen among the several stable 
valence states leaves much to be desired in the way of precision, — despite much 
effort expended on the procedures. Nevertheless, the results are sufficiently 


TABLE 4 

The chemical state of hr. l}**from 77 hr. Te*” decay in 0.1 N nitric acid 


mAcnoN ' 

FEX CENT OF TOT 

From TeOj ~ 

AL 2.4 HX. IODINE 

From T«0;* 

I- 4- I" + 10- . . . 

75 

60 

lor . 

14 

28 

lor 

11 

12 


consistent to show that the major fractions of both radiohalogens are in the more 
reduced states. Thus, the halate structure is usually destroyed when the parent 
is present as selenite or tellurite ion. We can further claim with some confidence, 
on the basis of tests and arguments already illustrated, that the decomposition 
of the halate structure is directly associated with the nuclear process. This 
focuses attention upon medianisms by which emission might produce the 
observed molecular disruption. Here we can only speculate for the present. 

In discussit^ chemical effects from nuclear disintegration, first appeal is always 
to a recoil process. Unfortunately, calculation of the recoil accompanying j3" 
emission is complicated by the continuous spectrum of the /3-particle and the 
unclear r61e of the companion neutrino. However, recent preliminary studies by 
Jacobsen (2), working with the Kr*-Rb** pair at low gas pressures, indicate that 
the recoil at<»ns cover a relatively narrow energy range and have a value close 
to that expected from the emission of the most energetic ^-particles observed. 
For our own problem, these observations are important in that they justify use 
of the maximum ener^es in our calculaticms.* 

* Added in •proof: The Jacobsen observations are expected if neutrino and ^-particle are 
emitted in the same direction. Since the presentation of this paper C. W. Sherwin (Boll. 
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For the energetic 1.5 m.e.v. process of Se®*, relativistic expressions are re- 
quired. By equating momenta of jS-particle and radiating atom one obtains: 


where Fr 
Mo 
M0 

Mr 




4 - Mo 


Efi 


kinetic energy of recoil atom 
rest mass of p~ 
relativistic mass of jS" 
mass of recoil atom 
energy of 


Substitution for Mp from the familiar expression: 


gives: 


= {Mfi ~ Mo)C^ 
En = 24 e.v. 


A recoil of this magnitude appears adequate to fracture bromide-oxygen bonds 
and give the observed decomposition. But several factors reduce the effective 
recoil energy. 

The momentum of the system must be preserved throughout the process fol- 
lowing escape of the |8-particle. Momentum calculations for the aqueous phase 
actually used may be difficult, but a calculation for the bromate ion in collision- 
free space is straightforward and will illustrate the correction. 

The final momentum of the bromate ion must equal that of the bromine atom 
immediately after loss of the i(3-particle, 

Pr ~ MrTr = Pi = (Mr + 3Mox)^ t 

where pt == momentum of BrOa" 

Mox = mass of an oxygen atom 

Since the process of momentum distribution is here an adiabatic one, 

JSr = £'« + Ei 

where Et = final kinetic energy of BrOs" 

Ei = internal energy (vibrational and rotational) of BrOa" after momen- 
tum distribution. 


Combination of these expressions gives 


Ei — Ejx X 


3Mox 

Mr + 3Mox 


24 X 


48 

131 


8.8 e.v. 


Am. Phys. Soc. 22, No. 6, 5 (1946)) has reported that neutrino and /3-particIe in P” decay 
are emitted most frequently into different hemispheres, while R. F. Christy et aL (Ph 3 rs. 
Rev. 72, 698 (1947)) find no preferred angle between the two radiations when Li* decays to 
Be*. Thus, the calculation above, which assumes orientation of the neutrino with the 
/^oparticle, yields a maximum value for the J^r of Br**. If the neutrino is oriented against 
the /5-particle, as claimea for P**, then En for the average Br** recoil is about 5 e.v. 

^ See Suess (5) for a similar calculation. 
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The internal energy, Ei, rather than measures the strain placed upon the 
chemical bonds of the ion. At least one more consideration enters. The bro- 
mine atom is at the center of a tetrahedron of which the oxygen atoms form 
three apices. Accordingly, recoil of the bromine atom can hardly rupture any 
one bond without a considerable, perhaps equal, energy expenditure in shaking 
the other oxygen atoms. The recoil energy now appears as little more than 
sufficient to fracture a Br - O bond of about 2.5 e.v. energy. Our own attitude 
is that the estimates are too primitive to permit a decision. 

Mention should be made at this juncture of the experiment with Se**. The 
energies of the d-particles from '-^2 min. Se“ are not known, but they will of 
course not be the same as those of Se“. If they differ markedly from those 
of Se® and if a recoil process lies behind the observed chemical effects, then a 
new yield of BrOj" would be anticipated. Good agreement, however, was found 
for Br® and Br® (table 1). 

We had hoped to introduce the findings on 2.4 hr. 1 as a clinching argument 
as to the r61e of recoil, since the 0.28 m.e.v. |8-particles of Te‘® should give only 
3 per cent of the recoil calculated for Se®. This approach too was frustrated. 
After the tellurium-iodine studies had been completed, a trusted colleague in a 
careful study of Te*® detected the presence of conversion electrons among the 
/3- and y-radiations (4). Since the internal conversion process is well kno^vn to 
produce profound chemical changes, our data on the tellurium-iodine pair can no 
longer be viewed as necessarily demonstrating the effects of |8" decay. 

The intramolecular decomposition of the bromate ion to thermodynamically 
more stable products must also be considered. This is to say that a bromate ion 
with 9 e.v. of internal energy is a very excited species and may be sufficiently 
energetic to decompose by a path closed to normal bromate ion. In particular 
there is the process: 

BrOj~ — > BrO“ -1- Q* 

This reaction proceeds with a free-energy decrease of 13 kg.-cal. per mole. One 
is tempted to stress that aqueous BrO“ ions disproportionate to pve Bir and 
BrOs~ in just the proportions in which we find them in our experiments: 

3BrO- 2Br- + BrOr 

However, the kinetics of this reaction are undoubtedly complicated and without 
more information than we have on the concentration of total BrO“ in the decay 
solutions, a choice among several possible disproportionation reactions cannot 
be made. 

We shall indulge in just one further speculation. The readjustment of the 
orbital electrons to the increased nuclear charge following decay may lead to 
excitation, ionization, and dissociation of the molecule cmtaining the radiating 
atom. The total energies of the electrons of seleniiun and bromine differ by 
several kilovolts per mole. This difference should approximate the energy made 
available by the orbital shrinkage following decay. This is sufficient to eject 
many electrons and break several bonds. The immediate question is whether 
the't’eadjustment is simultaneous with the loss of the d-particle and the energy is 
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to be found with the ^-particle. If the readjustment occurs independently of 
the nuclear process, will the energy be dissipated as very soft x-radiation or by 
ionization? We have not yet received harmonious opinions on these points from 
colleagues more practiced in such considerations and prefer to delay discussion 
until more data on the chemical effects accumulate. 
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I. INTRODUCTION 

The radiative capture of a neutron by a stable nucleus is an important nuclear 
reaction, which frequently gives rise to a useful radioisotope. The chemical 
identity of the active isotope with the unchanged target element frequently 
places serious limitations on the specific activities obtained by this reaction. 
The Szilard-Chalmers reaction, which effects separation of the activated atoms 
from the target material by virtue of the gamma-ray recoil, can be used to 
enhance the specific activity of the active material under favorable circumstances. 
This paper will discuss certain factors which govern the usefulness of this enrich- 
ment method, and in particular the effects of the intense radiation field of the 
chain-reacting pile. 

II. NECESSARY CONDITIONS FOR SZILARD-CHALMERS ENRICHMENT 

Neutron capture by a nucleus is accompanied by the release of 8 or 9 m.e.v. 
of energy in the form of several energetic gamma quanta. The recoil energy 

^ Presented at the Symposium on Radiation Chemistry and Photochemistry which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 

* This document is based on work performed by .4. W. Adamson, G. E. Boyd, E. 
Cohn, G. Jenks, Q. V. Larson, W. B. Leslie, J. W’. Richter, K. R. Tompkins, and R. R. 
Williams, under Contract No. W'-7401-eng-37 for the Atomic Energy Project, and the in- 
formation covered therein will appear in Division IV, Volume IX-B of the National Nu- 
clear Energy Series (Manhattan Project Technical Section) as part of the contribution of 
the Argonne National Laboratory. 
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thus imparted to the capturing atcnn may be as much as one hundred times as 
great as the energies of the chemical bonds in which it participates, and we may 
expect the formation of an ionized, hi^-speed fragment. Such fragments can 
be physically separated from the bombarded material, but we s hah be concerned 
only with chemical separations, for which the following conditions must hold: 
(1) The element must be capable of existence in at least two mutually stable and 
separable forms. (8) At least two of these forms must show lack of rapid isotc^ic 
exchange. 

The reactions which the “hot” atom or fragment wiU imdergo depend to some 
extent on the nature of its environment, and several wor]^ers are engaged in a 
study of these processes. For the present, however, the more fruitful approach, 
after choice of circumstances which fulfill conditions 1 and 2 above, is the trial 
and error method. Many Szilard-Chalmers reactions are known, several of 
which will be described below. 

Attempts to enrich activities produced in the high flux of the chain-reacting 
pile have brought to light a third consideration governing the effectiveness of 
the proposed Szilard-Chalmers enrichment. The high radiation fields (princi- 
pally y and neutron) cause marked chemical changes in the bombarded com- 
pounds aside from the effects accompanying activation. That such reactions 
may yield products similar to those obtained in activation reactions is to be 
expected, since both types are essentially a decomposition by excitation. The 
radiation decomposition can yield microscopic amounts of the chemical form in 
which the activity is found, thus diluting the active isotope. It is also possible 
that the radiation field will cause further chemical reactions of the separable 
active isotope which may change it to a form which is no longer separable, al- 
though this effect is probably confined to rather limited circumstances. 

Establishment of a successful Szilard-Chalmers enrichment reaction in experi- 
ments of low flux or short bombardment therefore does not ensure its success 
w'hen longer or more intense bombardments are employed. Radiation decom- 
position may produce prohibitive amounts of inactive carrier and the fraction of 
activity separable may decrease. The next section of this paper will present a 
semiquantitative discussion of these two effects. 

III. SZILABD-CHALMER8 ENBICHMENT IK HIGH BADIATIOK FIELDS 

A. Definitions 

The follomng discussion assumes that for the given case a Szilard-Chalmers 
reaction is known to take place, i.e., separation of an appreciable fraction of the 
active isotope from the inactive isotopes has been demonstrated. The enrich- 
ment factor, F, will be defined as the specific activity of the separated form di- 
vided by the specific activity of the pure element activated imder the same con- 
ditions. Further nomenclature is as follows: 

E *= element activated to pve E* 

A s: total amoimt of E present 

Jlf mnount of E chemically identical with separable E* 
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N = total amount of E* 

Nm = amount of separable (initially = N •/) 

/ = fraction of E* atoms initially separable (a constant for a given element 
and a given environment) 
p = neutron flux or pile power 

<r = neutron cross-section for activation of E to give E* 

X = decay constant of E* 

Ki = rate constant for radiation decomposition reaction giving M 
Ki ~ rate constant for radiation reaction consuming Nm and M 


B, formulation 

The reactions which govern the quantities M and N are all such that as a first 
approximation they will be assumed to follow a first-order rate law. 

For M, the amount of inactive E which will be separated, we have: 

~ = pA'iCl - M) - pK,M (1) 

For Nmj the amount of active E* which will be separated, we have: 

= Po-/*! - XJV.W - pK,N„ (2) 

These rate equations, upon integration, yield: 



111 


[1 _ 

X + pJfv2 


(3) 

(4) 


The enrichment factor, F, is therefore given by 

_ N„/M _ X/(/vi + A.) ^ 1 - 

'N/A ki(\ + pKi) [1 - 


and the specific activity of the separated radioisotope by 


- X - N„/M 


o-/(pAi + pA,) 1 - 
A'x(X + pAs) 1 


(6) 


Inspection of equation 5 shows that the enrichment factor obtainable for a 
given bombardment will depend on the values of the constants for the radiation 
reactions Ki and K 2 * In dealing with a given Szilard-Chalmers reaction, i.e., 


given values of Ki and K 2 , the enrichment will steadily decrease with increasing 


x/CKi + K2) 

flux (p) and increasing time of bombardment (t), approaching ^ , wk 


The behavior of the specific activity, 5, will depend on the relation of /, X, p, 


Ku and i?a in a manner which will be considered below. 

Two extreme cases of Szilard-Chalmers enrichment in high fluxes will now be 
considered. In the first case, we shall assume K 2 Ki, or negligibly small loss 
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of separable activity due to further radiation effects, but appreciable formation 
of inactive atoms in separable form. The second case will assume Ki Kt, 
the opposite situation. 


C. Decomposition of bombarded form <K Kjj also pKt X) 
In the case that Kt <SC Ki, equation 5 takes the form 


F 


f 

[1 - e”"*'*] 


( 7 ) 



Fio. 1. Specific activity of enriched material as a function of time with vaiydng rates of 
decomposition. 


and equation 6 becomes 


e _ <'fP 
S-- 


X 


1 - e~^ 
1 _ 


( 8 ) 


The dependence of the enrichment factor on p and t for a given Szilard-Chalmers 
reaction (constant / and Kt) is quite clear. When the decomposition is not 
great, F will be approximately given by 


F 


J_ 

pKit 


( 9 ) 


Figure 1 is a graphical representation of equation 8 for various values of 
\/pKil. To obtain increased generality, the quantity \t is the abscissa and the 

qtecific activity (ordinate) is given in units of the value which all the curves 
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approach with increasing bombardment times. This limiting value should not 
be confused with the specific activity of the pure element at saturation, which is 
given by orp/X. The following generalizations can be made from the figure: 

Case 1: \ > pKi or the rate of decomposition is less than the rate of decay. 
Here the specific activity decreases steadily with the time of bombardment, 
approaching the saturation value (curves 1, 2, and 3, figure 1). 

Case 2: X = pXi, or the rate of decomposition is equal to the rate of decay. 
The specific activity is independent of bombardment time (curve 4, figure 1). 

Case 3: X < p7^i, or the rate of decomposition is greater than the rate of decay. 
The specific activity increases with time, approaching the saturation value 
(curves 5 and 6, figure 1). Obviously a Szilard-C^halmers procedure is useless 
in this case. 

Data from experiments on the enrichment of iron activity from bombarded 
ferrocyanides have been examined in the light of these equations and are dis- 
cussed later. 


D, Radiation loss of separable activity {Ki <K K 2 ) 

In the case where Ki <C K 2 , initially separated activity will be lost by a radia- 
tion-induced back-reaction. This situation is not expected to be as common as 
that of the radiation decomposition of the bombarded compound, since the 
separable form usually represents a less complicated breakdown product of the 
starting material. The Szilard-Chalmers enrichment experiments with anti- 
mony pentafluoride, however, show this loss of activity without apparent decom- 
position. Qualitative observations in the experiments with triphenylstibine 
indicate a similar loss, but here the picture Is confused by accompanying decom- 
position of the bombarded form. 

Imperfect chemical separation of the active material from the bombarded form 
places an upper limit on the specific activity obtainable. When radiation effects 
produce no appreciable amount of diluting carrier, the quantity M is essentially 
a small constant amount. Therefore the enrichment factor becomes, 


_ NM/^r _ Af\ ^ 1 - 
N/A" M(\ + pKi) 1 - 

and the specific activity of the separated activity is given by 


( 10 ) 


<< = ^ y; 1 — 

' M M(X + pA'*) 

Where M is constant, it is apparent that the enrichment factor 
with time approaching a limiting value, /' ..td., given by 


( 11 ) 


will decrease 


P .atd. 


Af\ 

)lf(X + pAs) 


( 12 ) 


or, if the fraction of extractable activity is measured, a limiting value 
/X/(X + pKi) will be reached. The specific activity of the separated radioele- 
ment will show a growth parallel to that of the total activity, but the effective 
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decay constant will be X + pXa instead of X. The saturaticm value, S^m., will 
be given by 




M(X + pA'g) 


(13) 


as compared to a specific activity of pv/X for the total activity. Since AfM, 
the chemical separation factor, will usually be quite large (say ~ 1000) and 
since/, the radiochemical separation factor, will usually be between 0.1 and 1.0, 
the relative magnitudes of X and pKs will determine the practical usability of a 
given Ssilard-Chalmers reaction in this situation. 


EXPEBIMENTAL TESTS 

A. Enrichment of antinumy activity 

A wide variety of antimony compoimds were examined with particular interest 
in their behavior in intense fields. Several Szilard-Chalmers enrichment reac- 
tions were established in low-intensity experiments, but aU showed excessive 
radiation effects in high fluxes. 

Ammonium metafluoantimonate (NH^SbFe) was bombarded in the solid state, 
dissolved, and the activity was removed by precipitation of heavy metal sulfides. 
In short bombardments, no detectable amount of chemical antimony accom- 
panied the active precipitate which constituted about one-third of the total anti- 
mony activity. Intense bombardments produced considerable amounts of inac- 
tive antimony in the sulfide precipitate (presumably Sb*+), and the activity yield 
dropped to aroimd 1 per cent. 

Triphenylstibine showed a very convenient Szilard-Chalmers reaction in short 
bombardments, in that the active antimony was ejected to a water-soluble state, 
while the target material was soluble in organic solvents. The extraction process 
\ised collected up to 60 per cent of the activity and very Uttle inactive antimony. 
Long bombardments again produced large amounts of inactive antimony in the 
water-soluble form, and reduced the activity extraction below 10 per cent. 

Bombardment of antimony pentafluoride produced antimony activity in a 
relatively non-volatile form, presumably antimony trifluoride. Volatilization of 
bombarded antimony pentafluoride left as much as 60 per cent of the activity 
b^ind, while less than 0.1 per cent of the total antimony remained. Long 
bombardments of this substance gave no greater chemical amounts of non- 
volatile antimony, but the activity in the non-volatile form decreased to 6 per 
cent of the total after several hours’ bombardment at constant pile power (see 
figure 2). 

Since the enrichment factor decreases with the length of bombardment, a back- 
reaction mtist return the activity to the origiiml chemical state. The back- 
reaction was not observed outside the radiation field, and so must be attributed 
to it. A sample irradiated approximately 1 min. (^ per cent separation nor- 
mally expected) was placed in a boron carbide shielded container and irradiated 
1 hr. further. At the end of this time the activity separation had fallen to 25 
pOT oent, indicating that the back-reaction must be due to some component of 
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the radiaticHi field other than the slow neutr<Has, which would be cut off by the 
boron. 

The data obtained in the bombardment of antimony pentafluoride may be 
compared with equation 10 of the section (III, D) which gave the enrichment 
factor F. The radiochemical separation factor, such as measured in the experi- 
ments with antimony pentafluoride, will be given by the same equation without 
the factor A/M, which is about 1000 in this case. 

The form of the equation given indicates that a finite limiting value of the 
separation factor will be reached, and the data in figure 2 indicate that with 
antimony pentafluoride the value is about 0.05. Tliis may be equated to the 

„A_ 

X -1- pKt 


expression and / may be taken as 0.60. Using the ratio of X/(X + pKt) 



Fio. 2. Activity separation in antimony pentafluoride as a function of bombardment time 


thus determined, a theoretical curve was constructed to fit most closely the 
observed values of the separation factor, treating X as one of the parameters. 
The value of X necessary to obtain the curve shown is 2.9 X 10^ min.“*, as con- 
trasted with the value of 1.72 X 10"* min.~' describing the shorter period of Sb***. 
This is a very serious discrepancy between theory and experiment, unless scnne 
shorter decay period is involved in the measurements. Apparently the separa- 
tion factor approaches its limiting value more than ten times as rapidly as 
expected. 


B. Enrichment of iron activity 

A suitable enrichment reaction for iron activity was established by low- 
intensity neutron bombardment of potassium ferrocyanide. As much as one- 
third of the iron activity is freed from the complex and can be carried on alumi- 
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nuin hydroxide precipitates. Longer and more intense bcanbardments give rise 
to increasing amounts of non-activating decomposition of the ccHnplex and thus 
lower the specific activity, as shown in table 1. The fraction of activity sepa- 
rated by the hydroxide precipitate remains constant in spite of the increased 
radiation decomposition, which was less than 1 per cent in all cases. 


TABLE 1 

Szilard-Chatmers enrichment of Fe* from potassium ferrocyanide 
(All units arbitrary) 


SAMPLE 

SEPARATED ACTIVITY 

INACTIVE Fc 
SEPARATED 

SPSaPlC ACTIVITY OP 
SEPARATED Fe* 

Blank* 

0 

0.017 

0 

2 

31 

o.ioet 

292 

3 

70 

0.245t 

286 

4 

106 

0.409t 

259 

5 

1 

0.585t 

246 


* Sample kept in oven at pile temperature, 
t Corrected for blank. 



xt 

Fig. 3. Specific activity versus time in enrichment of Fe* 


Equation 8 of Section III,C is intended to describe the variation of specific 
activity, S, with intensity of bombardment and can be compared with the data 
obtained in these experiments. The equation is readily separable into two por- 
tions : one is the usual growth equation, and the remainder describes the radiation 
decinnpoBition process. The value of X in equation 8 can be evaluated from the 
data of these experiments or taken from the literature. The equation for decom- 
positiem (cf. equation 3 in Section ni,B) can be written as follows 
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and compared with data of the type indicated in table 1, which represents a series 
of bombardments of increasing duration at approximately constant pile-power 
level. Relative bombardment times may be estimated hy reference to figure 3. 
The four values of Ki calculated from these data show a small, but regular, 
increase with increasing X/. The uncertain fluctuations in pile power which oc- 
curred during the experiments make it impossible to discuss the significance of 
this deviation. The specific activity at various limes will be given to a good ap- 
proximation by the equation 


S = 


if 


( 1 - 
X/ 


when decomposition is small. Using the values of a and X obtained from the 
data above, and taking a value of Ki to give best fit, the theoretical curve of 
specific activity vs. \t was drawn (solid line in figure 3). The experimental points 
(circles) indicate, as expected from the variation of /fi, a less rapid decrease in S 
than was theoretically predicted. 

As previously suggested, the rate of decomposition is undoubtedly related to 
different flux components from those responsible for activation. Variations 
among these components must be eliminated or measured before a quantitative 
test of the proposed equations will be possible. The present data furnish only a 
qualitative comparison with the rate equations. 
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INTRODUCTION 

In a pi’evious paper of this series (6) mention was made of a method which had 
been devised for the quantitative fractionation of heat -polymerized non-con- 
jugated vegetable oils. A few of the data abstracted from the present work were 
given in this previous paper, and were used for the purpose of testing the ade- 
quacy of the polymerization mechanism advanced by the author. It is the 
purpose of the present paper (/) to give a general account of the polymer- 
fractionation technique developed and to attempt the theoretical basis for its 
selectivity, {^) to gi\'e a detailed account of the specific procedure used in the 
fractionation of heat-polymerized linseed and soybean oils at various stages of 
the reaction, including that of the final stage of gelation, (3) to present the ex- 
perimental data obtained, and (4) to interpret the data not only from the view- 
point of general polymerization theory and polymer distribution, but more 
specifically as a means of testing their correspondence to some of the postulates 
of the author's theor>\ 

In contrast to the extensive work which has teen done on polymer fraction- 
ation of otter systems, very little has heretofore teen attempted on the heat- 
polymerizi'd drying oils. Morrell (26) in 1915 imported a fractionation on 
heat-bodied linseed oil using acetone. Only two fractions were obtained, an 
acetone-soluble one consisting essentially of the remaining monomers and an 
acetone-insoluble one consisting principally of a mixture of all the polymers which 
had formed. The acetone procedure has since been used by Elod and Mach 
(16), Behar (4), McQuillen and Woodward (25), and more recently by Privett 
et al. (29). Their respective results are subject to the same inherent limita- 
tion, the reason for which will be indicated later in this paper. Solvent-mix- 
ture procedures have also been reported (15, 20, 30) but specific polymer fraction- 
ations have not teen claimed, and their purpose is either to fractionate the 
unpolymerized oil or to separate the lower unsaturated monomers from the 
polymers as a group in the bodied oils. More recently there was announced a 
separation scheme involving liquid propane (21). The details of the process so 
far reported are concerned with the separation of the saturated and lower unsatu- 
rated monomers from the more highly unsaturated monomers in unbodied fish 

^ Presented in part before the Division of Paint, Varnish, and Plastics Chemistry at the 
108th Meeting of the American Chemical Society, which was held in New York City, 
September, 1944. 

* Present address: Gotham Ink & Color Company, Long Island City, New York. 
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and vegetable oils, rather than with the possibility of specific fractionation o£ 
poljrmers. The chromotographic adsorption technique has been successful^ 
applied to the fractionation of unbodied vegetable oils by Walker (35), but no 
work has been reported on its applicability to the heat-polymerized oils. Men- 
ticai must, of course, also be made of the molecular still procedure as developed 
by Hickman (19) and used by Morse (27), Bradley (9), and Waterman (36) 
in effecting the fractionation of polymers. This procedure has, however, two 
inherent difficulties: (f) that it is not applicable to the heat-polymerized gly- 
ceride vegetable drying oils except to remove the saturated and low unsat- 
urated monomers remaining, and (2) that even with the methyl esters it is 
questionable, at the temperature of distillation, whether further polymerization 
of the residue does not occur after the dimers have been distilled off. As will 
be shown later in this paper, the higher polymers after being stripped from their 
adsorbed monomers and lower poljmers are particularly sensitive to oxida- 
tion and/or polymerization and tend to form gels at room temperature even 
where precautions such as an inert atmosphere are observed in order to prevent 
access of air to the system. 

I. FBACnONATION BY SELECTIVE SOLUBILITY IN THE HOMOLOGOUS SERIES 
OP NORMAL MONOHYDRIC ALCOHOLS 

A. General disaission 

The fractionation method which is the basis of the present paper differs from 
those previously mentioned in that it enables one not only to separate the mono- 
mers from the polymers present in the heat-polymerized non-conjugated vege- 
table oils, but in addition to separate the polymer portion into a large number of • 
fractions of varying polymeric sizes, the number of such fractions present de- 
pending on the extent of the polymerization (7). 

This method is based on an observation by the author that linseed and soy- 
bean oils in the unpolymerized state, while completely soluble in n-propyl al- 
cohol (although practically insoluble in methyl and ethyl alcohols), become pro- 
gressively insoluble percentagewise in this solvent as the heat-polymerization 
progresses. Not only is this true for n-propyl alcohol, but it is likewise succes- 
sively true for the other higher members of the homologous series of the liquid 
normal aliphatic saturated monohydric alcohols up to and including n-dodecyl 
alcohol, the highest liquid member of the series at room temperature. At any 
one stage in the polymerization of the above oils complete solubility can be ob- 
tained with some one of the ascending members of the homologous series of 
alcohols. As soon, however, as the polymerization exceeds the particular stage 
in questicm, partial insolubility in that alcohol occurs, and it is necessary to go to 
the next higher number of the series to achieve complete solubility again. The 
limiting point in the series is when the polymerization reaches the partial in- 
solubility stage with n-dodecyl alcohol. Complete solubility at this critical 
point may, however, be achieved by the use of petroleum ether as the solvent. 
Petrdeum ether, essentially hexane, continues as a complete solvent for all of 
the subsequent stages of polymerization up to but preceding that of gelation, where 
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partial insolubility again results through the formation of insoluble, infusible, 
cross-linked pol3uners. Tables 1 and 2 illustrate the relationship between the 
polymerization time of linseed and soybean oils and complete solubility in mem- 
bers of the above homologous series of normal monohydric alcohols. 

As a corollary to these relationships, the members of the ascending series of 
normal monohydric alcohols are complete solvents for all of the heat-polymerized 

TABLE 1 

Relationship between polymerization time and complete solubility in normal monohydric 
alcohols {at IS6°C.) of heat-polymerized linseed oil* 

Boums AT POLYMERIZATION | H-PROPYL ! W-BIJTYL | ff^AMYL i »-HEXYL I n-OCTYL ! W-DECYL | W-DODECYL 
TEMPERATVXE (JOT'C.) j ALCOHOL ALCOHOL I ALCOHOL | ALCOHOL | ALCOHOL | ALCOLOL ^VLCOHOL 

I 1 t 1 , i I 


“ 

0 * X — 

1 i X 

2 , X 

4 : X 

6 ! X 

7 i X 

5 ; 

9 

10 

*Dollp<l line *= raago of partial solubility. 


Solid line =* range of complete solubility. 

TABLE 2 

Relationship betireen polymerization time and complete solubility in normal monohydric 
alcohols (at for heat- polymerized soybean oil* 


HOURS AT POLYMl K17\TION j «-PK<)PYL « BUTYL J n-AMYL W-HTXYL * « OCTYL I W-DECYL H-BODLCYL 

TFMPERATl’RI ^307 C ALCOHOL ALCoUOL ‘ ALCOH<»L ' AU'OHOL , VLCOHOL , ALCOHOL ALCOHOL 


8 X 

12 ! X 

14 ! X 

16 i X 


* Dotted line = range of partial solubility. 

Solid line »= range of complete solubility. 

oil samples previous to the alcohol in which partial solubility occurs. Petroleum 
ether, on the other hand, is a complete solvent for all of the oil samples, from the 
imbodied stage to that immediately preceding gelation. 

B. Selective polymer solubility in homologous series of normal monohydric alcohols 

It may be inferred from tables 1 and 2 that the members of the homologous 
series possess a selective solvency for the oil polymers such that, as the polymers 
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grow in size, they exhibit progressively decreasing solubility in the successively 
lower members of the alcohol series. Thus, as will be shown later, the triglyc- 
eride linseed and soybean oil monomers are soluble in all of the normal alco- 
hols from carbon atom chain length Cj to Cw but not below Cj, the dimers from 
C 4 to Cj 2 , the trimers from Cs to Ci 2 , the tetramers from Ce to Ci 2 , the pentamers 
from Cio to C 12 , and the hexamers and heptamers not below Cio. This informa- 
tion is summarized in table 3. 

There is a certain amount of overlapping in this solubility relationship, as will 
be 8 ho%vn later, but in general the correspondence is quite good. To accovmt for 
this selective solubility there are three possible factors which may be considered; 
(f) the known decrease in polarity of the normal monohydric alcohols with in- 
crease in the length of the carbon atom chain ; (2) the decrease in polarity of the 
oil polymers wth growth; and (3) the relationship between the above two. 


TABLE 3 

Solvbility of monomers and specific polymers of linseed and soybean oils in the homologous 
series of normal monohydric alcohols* 


TYPE COllPOtTKD 

HOlCOtOCOTlS SEEIES OF KOEMAL MONOHYOSIC ALCOHOLS 

H-Propyl 1 n-Butyi n-Amyl j »-Hexyl f»-Octyl »“Decyl | n-Dodecyl 





Trt*iTirii3*T 


i*n THAT 


X wl/i * 

IP AH A r 


TTAYAtriAr 


Heptamer 



* Solid line indicatee range of complete solubility. 


These three factors will subsequently be considered in turn, after some comment 
has first been made on the methods used for expressing polarity. 

C. Methods of expressing polarity 

The simplest expressions of polarity are those of the experimentally deter- 
mined values, — the dielectric constant and the refractive index. Other ex- 
pressions include the dipole moment, a higher function of the dipole moment as 
in the expression p^/e developed by Ostwald (28), molecular and specific polar- 
ization and refractivity, and cohesional energy density (13). Since these values, 
with the exception of the latter, are derived from the dielectric constant and the 
refractive index, it was considered sufficient for the purposes of the present 
paper to restrict, in the main, the expressions of polarity to these constants, and 
more particularly to that of the dielectric constant. One exception to this was 
made, however, in the use of a newly derived concept in which these values are 
related to the molecular weight of the particular substance under consideration. 
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These are designated as specific dielectric constants and specific refractive index 
and are defined as: 


Dielectric constant (specific) 
Refractive index (specific) = 


dielectric constant 
molecular weighT 

refractive index 
molecular w eight 


These derived expressions have proven useful in expressing the variation in 
solubility with respect to polarity of the members of a homologous series as well 
as for other relatc‘d compounds. An analysis of the concept will l)e presented 
in a forthcoming paper. 


Z>. Polarities of solvents used in fractionating procedure 

Referring now to the first factor, that of the polarities of the members of the 
homologous series of normal monohydric alcohols, table 4 indicates a progressive 


TABLE 4 


Comparative polarities of members of the homologous series of normal monohydric alcohols 


ALCOHOL 

DIELECTKIC 

CONSTANT 

e 

»EF*ACT1VE 

INDEX 

ft 

MOLECULAX 

WEIGHT 

MW 

SPECIFIC 

DIELECTKIC 

CONSTANT 

e 

MW 

SPECIFIC 

■KEFKACnV'E 

1 INDEX 

n 

! 

SPECIFIC 

POLAR- 

IZATION 

e-1 1 

e + 2 * p 

Methyl 

33.7 (17^*0.) 

1.3294 (?) 

32 


1.053 

0.0415 

1.151 

Ethyl 

26.5 (20‘*C.) 

1.36104 (?•*) 

46 


0.576 

: 0.0296 

1.134 

n-Propyl 

21.8 (20‘’C.) 

1.38449 (?) 

60 


0.363 

1 0.0231 

1.086 

n-Butyl 

17.0 (20‘’C.) 

1.39931 (?) 

74 


0.230 

0.0189 

! 1.040 

n-Amyl 

15.8 (20'C.) 

1.4101 (?) 

88 


0.179 

1 0.0160 

i 1.022 

n -Hexyl 


1.41326 (?) 

102 



0.0139 j 

1 

n-Heptyl 

6.7 (21'’C.) 

i 

116 


0.058 

! 1 

1 0.797 

n-Octyl 

3.4 (18“C.) 

i 1.43035 (?•*) 

130 


0.026 

1 0.0110 

j 0.539 

n-Decyl . . 

i : 

1 1.43719 (?) 

158 

j 


i 0.0091 I 

( 1 

i 


decrease in polarity with increasing lengtii of the carbon atom chain. In this 
table the specific polarization calculated on the basis of the Clausius-Mosotti 
equation was included for puiposes of comparison with other expressions of 
polarity. 

Since petroleum ether was successfully used in the fractionation of the heat- 
polymerized oil gels, to be discussed later, table 5 gives the polarity data for it as 
well as for cyclohexane, which proved ineffective for this separation. Cylohexane 
was also later used as a cryoscopic solvent in the molecular-weight determina- 
tions and its limitations in this connection are directly attributable to its rela- 
tively high polarity. Of all the solvents used petroleum ether (hexane) pos- 
sesses the lowest dielectric constant. 

It will be noted in tables 4 and 5 that while the relation tetween polarity and 
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solubility is consistent in all of the polarity expressions given for the normal 
alcohols, it is not so evident for hexane in relation to those for the alcohols. 
For hexane the dielectric constant, specific dielectric constant, and the specific 
polarization ail indicate a lowering of polarity cimsistent with its increased sol- 
vency property for the oil polymer systems under consideration, whereas the 
refractive index indicates an increase in polarity. The reason for this discrep- 
ancy is not apparent. 


TABLE 6 


Comparative polarities of hexane and cyclohexane 






spxaFic 

spsaFic 

SPECIFIC 


DIELECTRIC 

]LEF1lACn\^ 

MOLECULAR 

DIXLECTRXC 

KXFXACnVE j 

POLAl* 

SOLVENT 

CONSTANT 

INDEX 

WEIGHT 

CONSTANT 

INDEX j 

lEATION 


e 

1 n 

MW 

e 

n 

« — 1 1 





MW 

Sru' 

< + 2 p 

Hexane 

1.87 (20“C.) i 

1.37506(") 

86 

0.0217 

0.0160 

1 0.341 

Cyclohexane 

2.05 (20'C.) 

1.4264 (S) 

84 

1 

0.0244 

1 

0.0170 1 

0.321 


E. Polarity of non-con jugaUd regetable oils on hrat-polymerization as a 
function of polymer growth in relation to the polarities of its 
constituent monomers 

With respect to the second factor, that of changes occurring in the polarity 
of the oil polymers on growth, both the initial polarity of the component fatty 
acids in the triglyceride oil monomers and the over-all net change in polarity 
on their progressive polymerization must lx* taken into account. It has Ixicn 
indicated by Langmuir (23) that the polarity of a fatty acid of the Cjg group is 
dependent on its degree of unsaturation. Stepanenko, Agranat, and Novikova 
(34) have determined the dipole moments of three of the Cis fatty acids in diox- 
ane and have shown that the dipole moment increases from 1.65 in stearic to 
1.71 in linolic acid. These authors also reported the values for the dipole mo- 
ments of tristearin and triolein as 2.95 and 3.06, respectively. Caldwell and 
Payne (12) investigated the dipole moments of unbodied linseed and perilla oils 
in the absence of solvents; while their values of 2.100 and 2.603, respectively, 
are generally of a somewhat lower order of magnitude than those of the previous 
authors, they likewise indicate an over-all higher polarity with increasing un- 
saturation. 

A diflSculty presents itself at this point ndth respect to the polarity-solubility 
relationships between the Cis fatty acids and their triglycerides, which merits 
some discussion. It is apparent from the above dipole-moment data that the 
fatty acids have an apparently lower polarity than do the corresponding tri- 
glycerides and yet, as is well known, the fatty acids are readily soluble even in 
methyl alcohol, whereas the triglyceride monomers require at least n-propyl al- 
cohol for solubility. If one takes, however, the corresponding molecular weights 
of the fatty acids and their triglyceride monomers into account and calculates 
either the specific dielectric constant or the specific refractive index, the new 
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polarity values fall into the proper relation with respect to the solubility of those 
compounds. In this instance the Olausius-Mosotti specific polarization values 
are not in the proper sequence and hence do not correctly express the solubility- 
polarity relationship. This is summarized in table 6. 

TABLE 6 


Comparison of polarities of a Cm fatty acid and a mixed Cm fatty acid triglyceride 


! 

CiS (OMPOVND 

1 

DIELECTRIC 1 

CONSTANT 

i e ’ 

1 i 

REFRACTlVTb: | 

INDEX 

n \ 

MOLECULAR 1 
WEIGHT : 

MW 

SPECIFIC ' 
DIELECTRIC , 
CONSTANT 1 
f 

MW 

i 

SPECIFIC 

RI FRACrn F 
INDEX 

! n 

"mw" 

SPECIFIC 

1 POLAR- 
IZATION 

1 e - 1 1 

p + 2 ' p 

Oleic acid. . . i 

2.45 (20‘’C.) ! 

1.4582 (”) 

! 282 

' 0.0081 

; 0 0052 

1 0.3644 

Linseed oil . . i 

2.725 (20°C.) i 

1.4792 (“) 

i 878 

. 0.0031 

j 0.0016 

0..3916 


F. Relationship of polarities of solvent and oil jnottomers and polymers vnth 

respect to solubility 

Having discussed the first two factors, that of the direction of change in po- 
larity of the homologous series of normal monohydric alcohols, and of tlie oil 
polymers relative to their growth, we are now in a position to discuss the third 
factor, that of the relationship l)etween the polarities of the normal alcohols 
(as well as of the other solvents mentioned) and those of the oil polymers with 
respect to their mutual vsolubilities. 

If one considers methyl alcohol and fK'troleum ether as representing the ex- 
tremes in polarity of the solvents discussed, with dielectric constants of 33.7 
and 1.85, respectively, one finds that methyl alcohol has little or no solvency for 
the trigly(*eride monomers, let alone the polymers, whereas petroleum ether is 
an excellent solvent not only for the monomers but for all the polymers, up to the 
gelation stage. With respect to the lessened solubility of the higher polymers 
of lower polarity in the lower members of the normal alcohol series of higher 
polarity, one sees that for each stage of polymer growth corresponding to a 
given jxilarity, there is a normal alcohol of such polarity as will not exceed 
that re<iuircd for solubility. Thus, for example, a low-polarity solvent such as 
dodecyl alcohol \Nnll dissolve the monomei's and all the polymers up to the hexa- 
mer stages, whereas a sidvont of lelatively higher polarity, su(*h as n-butyl 
alcohol, will dissolve only the monomers and dimers. The general rule may 
be summarized as follows; A low-polarity solvent will dissolve either a high- or 
a low-polarity oil polymer, but a high-polarity solvent will dissolve only a 
high-polarity oil polymer. 

The degree of polarity of the solvent is therefore the variable factor, and its 
successive lowering in the ascending members of the homologous series of normal 
alcohols explains their stepwise selective solvency on the oil polymers of in- 
creasing size and progressively lowering polarity. The relation is further em- 
phasized by the fact that the normal, secondary, and tertiary isomers of the mono- 
hydric alcohols with decieasing polarities in the order named exhibit inversely 
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increasing solubilities toward the higher oil polymers. A somewhat similar re- 
lationship was noted by Kunerth (22) in the increasing solubility of carbon diox- 
ide, a highly polar compound, in a series of alcohols of increasing polarities. 

The reason for the inability of acetcme to effect fractionation of the oil poly- 
mers, previously referred to, can now be given. Acetone has a dielectric constant 
of 21.4, which is approximately that of n-propyl alcohol. Therefore it is ca- 
pable of dissolving es.sentially only the monomers and not the polymers. 



678 1756 2634 3512 

MOLECULAR WEIGHT OIL SOUDTES 

Fio. 1. Relationship between polarity expressions of solvents and molecular weight 
of oil solutes. 

A graphical representation of the relationship between the solvent polarity 
and the molecular weights of the oil polymers is given in figure 1. The solvent 
polarity is expressed as ordinates by both the specific dielectric constant and the 
specific refractive index. All points for each relationship between solvent po- 
larity and oil molecular weight fall on smooth curves. The following deductions 
may be made: (f) the curves are approximately exponential in form and appar- 
ently express a divergent series; (B) the extrapolations of the upper ends of 
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the“ curves intersect at a point the ordinate for which conforms approximately 
to polarity values between those for ethyl and methyl alcohols; and 0) the 
slope of the curves is greatest in the monomer region and least in that of the 
tetramer. This latter point conforms to the experimental fractionation data, 
since, as is evident from tables 1 and 2, the first few memters of the normal al- 
cohol series are more selective in polymer solubility than are the latter ones. 

II. EXPERIMENTAL 

A. Fractionation of liquid heat-polymerized 1inse(d and coybean oil samples 

A detailed account will now he given of the specific procedures used in the 
fractionation of heat -polymerized linseed and soybean oils. The preparation 
and general properties of the samples of heat-polymerized linseed and .soytean 
oils listed in this work will he descrilx'd in a subsecpient paper. The samples 
were repi’escmted by those taken immediately after each of the two oils had 
reacheil the polymerizat ion temperature of 307 W and by periodic samples taken 
thereafter up to the gelation point, as well as by those taken from the ensuing 
gelled oils. The fractionation of the latter represented a special case, since it 
necessitati'd the development of a technique for the separation of the gel-forming 
material before fractionation of the licjuid part could be attempted. This will 
therefoie Ik? reserved for subseciuent discussion. For the initial ami periodic 
samples up to the gelation point, the following regular series fractionation pro- 
cedure was developed and u.sed. Special techni([ues were later developed to 
overcome specific difficulties which were encountered in the regular fractionated 
series; these will be referi'ed to as the occasion presents itself. 

B. Procedure for extraction of regular series of liquid polymers 

Seventy-five grams of the sample was accurately weighed into a 500-ml. 
glass-stoppemd Erlenim^yer flask, to which 3CM) ml. of « -propyl alcohol was added. 
The free air space was swept out with nitrogen (oxygen free) to prevent oxida- 
tion and the contents shaken \'igorously for 20 min. The extraction flask was 
then s(‘t aside and the contents allowed to settle overnight. 

The clear extract wiis decanted into a glass-stoppei’ed Erlenmeyer flask, 
covered with an atmosphere of nitrogen, and set aside for evaporation. This 
represented the first fraction. The volume of liquid in the extraction flask was 
miide up to ^50 ml. with additional a-propyl alcohol, and the second extraction 
repeated in the same manner as the first. After at least three such extractions 
with n-propyl alcohol, the remaining insoluble fraction was successively extracted 
an equal number of times with the other members of the homologous alcohol 
series, a-butyl, /t-amyl, n-hexyl, u-oetyl, n-decyl, and /?-dodecyl alcohols, or as 
many of these as were required for the particular sample being fractionated. 
In spite of the care taken to keep an inert atmosphere of nitrogen over the liquids 
during the various extractions for the purpose of pre\'enting oxidation and in- 
duced polymerization, considerable difficulty was nevertheless experienced during 
the latter part of the fractionations in that gelation occurred overnight in the 
f 
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residue of the more highly polymerized samples. It was found later that the 
addition to each extraction of 0.1 per cent of solid hydroquinone acted as a 
polymerization retardant and solved this particlar problem. This was not 
done, however, to the regular series of fractionations; consequently for this series 
it was not po^ible to extract beyond the n-hexyl or n-octyl alcohol stage. A 
few of the extractions were, however, repeated and treated with hydroquinone, 
and it was found possible to carry these fractionations through the n-dodecyl 
extraction stage without having gelation take place. 

In addition to the regular series of fractionations which were all done at room 
temperature (approximately 26°C.), one sample of each of the two heat-polymer- 
ized oils was also fractionated at a lower and a higher temperature, 4®C. and 
56®C., in order to study the temperature dependence. These will be referred to 
in Section IV. 

After evaporation of the solvent from the various extractions the resulting 
fractions were set aside (properly stored in the dark and in an inert atmosphere) 
for subsequent determinations of acid value, molecular weight, viscosity, and 
iodine value. Before taking this up an account will be given of the technique 
developed for the quantitative fractionation of the samples of the gelled oils. 

C. Fractionation of heat-polymerized gels formed from linseed and soybean oils 

The gel samples represented a considerable problem with respect to their 
fractionation. Three factors were involved: (1) the determination of the spe- 
cific material causing gelation; (2) the quantitative separation of this material 
from its absorbed liquid phase; and (S) the fractionation of the liquid phase of 
the gel. 

It has already l>een stated in Section I that since petroleum ether lias the 
lowest dielectric constant and therefore the lowest polarity of the solvents 
studied, its solvency for the oil polymers of lowest possible polarity, i.e., those 
of greatest linear or branched-chain length, would be a maximum. Experi- 
mentally, this was borne out by the ready solubility in petroleum ether of all 
the polymerized-oil samples up to the gelation point, as has previously been 
pointed out. Because of this, it was reasonable to assume that long linear or 
branched oil polymers could not themselves constitute the primary adsorbate 
but rather that some specific insoluble cross-linked polymer was the primary 
cause of the gelation phenomena. 

Some experimental work on the oil-gelation problem had previously been 
done by Bradley and Pfann (10), who showed that acetone-soluble material 
could be extracted from these gels, and by Long (24), who demonstrated the 
adsorptive properties of such gels. Neither, however, demonstrated except 
possibly by inference the existence of the cross-linked polymer matrix, nor was 
there sufficient known at the time of this previous work of the relationships 
between the polarities of solvent and the higher oil polymers to enable these 
investigators to achieve this experimental fractionation objective. 

As a result of extensive experimentation it was discovered by the author: 
(i) ttot a material could be quantitatively separated from the oil gels by means 
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of petroleum ether, {2) that this separated material possessed the physical and 
chemical properties of an insoluble, infusible, cross-linked polymer, {3) that it 
was present in substantial amounts as postulated in the author^s theoiy, and 
(4) that there was substantial basis for believing that it was formed from the 
cross-linking of relatively short chain polymers, those at or near the pentamer 
stage (8). The Ixjlief that this insoluble, infusible, cross-linked polymer was the 
specific cause of gelation was strengthened by the fact that the remaining liquid 
fraction or disperse phase of the gel exhibited normal fluidity, complete solubil- 
ity in petroleum ether, and lastly that it could be fractionated, in the manner 
already given for the liquid oil-polymer samples, into monomers and an array 
of polymers of increasing stages of growth. 

/). Procedure for separation of imHohihle^ infusible^ cross-linked polymer in 
heat-polymerized linseed and soybean oil gels 

The procedure by which the primary separation of the oil gel into its insoluble, 
infusible, cross-linked polymer phase md its adsorbed fluid monomer and polymer 
phase was effected is given in the following account: 600 g. of the heat-polymer- 
izc^d oil gel was weighed out into a 6-liter cylindrical jar to which was gradually 
added with continuous stirring 4(X)0 ml. of petroleum ether (boiling range, 
30-()0°C\). Large masses of the gel remained undispersed during this pre- 
liminary stirring. The jar was then allowed to stand for 2 hr. The contents 
were then again stirrenl but without much effect on the dispersibility of the gel 
excx?pt that the petroleum ether layer had become slightly cloudy. After con- 
tinued stirring for 0 hr., the gel masses had become partially dispersed in the 
petroleum other layer and had consequently increased its viscosity to the point 
where the resulting extended gel was sufficiently rigid to support the glass 
stirring rod in an upright position. Additional pf^troleum ether (1000 ml.) was 
stirr(?d in without having mucli effect on the gel rigidity except to thin it a little. 
However, after 96 hr. of standing with occasional stirring the contents of the 
jar l)ecame quite fluid, although still cloudy, and there had settled out on the 
bottom a white curdy material. After an additional 9 days of alternate stand- 
ing and stirring and 1 day for final settling, the jar contents had separated into 
a perfectly clear fluid and dense curd layer at the bottom. The clear fluid was 
carefully decanted and reserved for evaporation. To the curdy residue, 4000 ml. 
of petroleum ether was added and allowed to extract for 24 hr. with continued 
stirring, after which it was allowed to settle for 24 hr. A test on the final extrac- 
tion showed only 0.1 per cent of extractable material, which remained constant on 
further extraction. This waschecked vnih two hot acetone extractions which like- 
wise gave 0.1 per cent values. On this basis it was consideied that the extraction 
of soluble material from the insoluble curds was complete. The curdy material 
was then dried to constant weight at room temperature' in a nitrogen atmosphere, 
after which it was transferred to a glass-stoppered flovsk and stomd in an inert at- 
mosphere. For the linseed gel, the dried separated insoluble material represented 
30 per cent by weight of the original gel sample, whereas for the soybean oil gel the 
weight was 17 per cent. Both gel curds were of similar properties: they were insol- 
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ubie in a wide variety of solvents and infusible on heating. Hence they could be 
characterized as insoluble, infusible, cross-linked pol3rmers. A detailed description 
of their specific chemical and physical properties confirming this characterization 
will be given in a subsequent paper. The collected petroleum ether washings 
were evaporated, the final stage being done in a nitrogen atmosphere under partial 
vacuum. The viscous oily residue after reaching constant weight was transferred 
to a glass-stoppered flask and stored in an inert atmosphere. 

The mechanism by which petroleum ether dissolved the adsorlied fluid phase 
from the insoluble cross-linked polymers can be postulated to depend on two 
factors: (f ) that the petroleum ether is a solvent for all the linear and branched 
liquid polymers up to the point of formation of the insoluble cross-linked polymers 
and (2) that the solution or diffusion forces between petroleum ether and these 
high liquid polymers are greater than the adsorptive or cohesive forces between 
them and the insoluble cross-linked polymer adsorbate. To demonstrate the 
point that the solubility factor is the major one, cyclohexane with a dielectric 
constant of 2.05 as compared to 1.85 for petroleum ether in a gel-fractionation 
experiment identical to the above gave only a uniformly extended gel with no 
' desorption in evidence and no separation of the cross-linked polymers. Ihe infer- 
ence can therefore be draAvn that cyclohexane is not a solvent foi* the highest 
linear or branched oil polymers present and therefore cannot desorb the gel. 
This inference was corroborated in the use of cyclohexane as a cryoscopic solvent 
in molecular- weight determinations, since for the high-polymer fractions anoma- 
lous molecular weights were obtained. 

III. DETERMINATION OF PHYSICAL CONSTANTS OF MONOMER 
AND POLYMER FRACTIONS 

Because of the many samples fractionated, only a few of their more important 
constants were determined: namely, those which were considered to have a direct 
bearing on the general interpretation of the polymerization procesKS as well as on 
the calculations directed toward amving at the polymer distribution at various 
stages of the reaction. The following constants were selected for this study: 
free fatty acid value, number-average molecular weight (cryoscopic), absolute 
fluid viscosity, and iodine value. The following is a description of the analytical 
methods used. 


A . Free fatty acid value 

There are three distinct types of acidity present in varying percentages in heat- 
polymerized non-conjugated vege^ble oils: free fatty acid, fatty acid-triglyceride 
copolymers, and polymerized fatty acid (11 ; and unpublished data of the author). 
The latter would nomially be present in negligible amount and may be disre- 
garded for our present purpose. The first two, however, are present in substan- 
tial quantities. Since the fatty acid-triglyceride copolymers are of a molecular 
size comparable to that of the triglyceride polymers, they can be assumed to cause 
not too great an interference in the polymer-distribution scheme to be discussed 
later. On the other hand the free fatty acids, particularly those which are pro- 
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gressively liberated during the polymerization process, are only one-third the 
molecular weight of a triglyceride monomer, and therefore a number-average 
molecular weight of a mixture of free fatty acid and triglyceride monomer would 
have to take this into account to arrive at the correct molecular weight of the 
triglyceride monomer component . Since these free fatty acids are readily soluble 
they are concentrated in the n-propyl alcohol extractions. The calculation for 
their correction will be discussed later in Section IV. The determination for free 
fatty acid was carried out in the usual manner on each of the fractions extracted 
with n-propyl alcohol and expressed as milligrams of potassium hydroxide re- 
quired to neutralize the acids in 1 g. of sample. 

/i. Molecular weight 

Number-average molecular weights were determined crj^oscopically using 
cyclohexane as the solvent, as recommended by Gay (18). Temperatures were 
read on a Beckman differential thermometer to 0.01°C. and estimated to 0.002°C. 
Duplicate determinations agreed to within 1.5 per cent. A control on each un- 
bodied linseed and soylx^an oil gave average values of 875 and 890, respectively, 
which corresponded to the theoretical values of 878 and 880, respectively. It 
should be mentioned hen' in passing that benzene, which has in the past been 
extensively used as the solvent for these determinations, does not give reliable 
results, the values being consistently low. A critical study of the effect of 
solvents and s()lut<' concentration on the number-average molecular weight of oil 
monomers has since been made.® 

C. Viscosity {absolute) 

Because of the relatively small amounts obtained for many of the fractions, it 
was not possible to use the Ostwald method for the detemiination of their vis- 
cosities. Instead comparison was made by the Gardner-IIoldt Varnish Mscosity 
Tube Standards, either b}^ the conventional bubble-rise procedure wherever 
possible or hy a standardized paper-penetration method when the sample was too 
small. The latter technique enabled one to make a determination with a single 
drop. 


I), Iodine value 

Iodine vahies weie determined according to the usual GO-min. Wijs procedure. 
While no experimental difficulty was noted with the monomer and lower polymer 
fractions, considerable trouble was experienced with those of the higher polymers. 
This difficulty took the form of a dark brown precipitation or coagulation when 
the Wijs iodine solution was added to that of the sample in carbon tetrachloride. 
Appai*ently the higher polymers, while ostensibly dissolved in the carbon tetra- 
chloride, w^ere present only as a colloidal sol w'hich flocculated in the presence of 
the iodine monochloride. The iodine values of the higher polymer fractions are 

^ I. M. Bernstein: Preprints of papers presented before the Division of Paint, Varnish, 
and Plastics Chemistry at the 112th meeting of the American Chemical Society, New 
York City, September, 1947, p. 160. 
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therefore of dubious value, as will be noted in the subsequent interpretation of 
the data given in Section IV. 

nr. INTERPRETATION OP THE EXPERIMENTAL DATA AND 
CALCULATIONS RELATING THERETO 

Because of the extensive experimental data assembled, not all are included in 
this paper for reasons of excessive length, but rather those fractionations were 
selected which indicated the trend of the polymerization. For linseed oil the 
samples reported represent the regular series fractionations after 1, 6, and 10 hr. 
at the polymerization temperature (tables 7, 8, and 9), while for soybean oil the 
5-, 12-, and 17-hr. regular series fractionated samples are reported (tables 10, 11, 
and 12). Other data will be given in supplementary tables. Mention should be 

TABLE 7 


Monomer-polymer fractionation (26°C.)i with homologous series of normal monohydric 
alcokolSj of linseed oil heat-polymerized for 1 hr. at 507®C. 


NORMAL ALCOHOL EXTRACTIONS 

PR-1 

PR-2 

PR-3 

BU-l 

BU-2 

UNFRACT 

RXICA 

Weight 
per cent 

lONATED 

INDEB 

Soluble 

in 

Weight per cent extracted 

39.8 

27.6 

14.6 

9.5 

8.6 

0 


Molecular weight 

900 

966 

1029 

1318 

1787 



Viscosity (poises) . 

1.1 

1.3 

' 1.7 ! 

3.7 

9.8 



Acid value . . 

3.7 

1.1 j 

0.5 1 




i 

Iodine value (Wijs). 

161.4 

160.3 ! 

159,9 

152.0 

135.3 



Molecular species distribution r\ 

OS-M 

[ j 

90-M 

83-M 

50-M 

[ 

98-D 

1 


(weight per cent) . . . . I 

1 

2-D 1 

10-D 

1 17-D 

1 

j 60-D 

1 2-TR 

1 



made here of the system of abbreviation used to describe the various extractions. 
The alcohols are abbreviated by their first letters, and the sequence of extrac- 
tion by the number which follows: thus PR-1 is the first extraction with n- 
propyl alcohol, H-3 the third extraction with n-hexyl alcohol, DD-4 the fourth 
extraction with n-dodecyl alcohol, etc. In the tables the following abbreviations 
were used: M, monomer; D, dimer; TR, trimer; TE, tetramer; PE, pentamer; 
HEX, hexamer; HEP, heptamer. 

On the basis of the experimental data it may in general be said that the heat- 
polymerization of the non-con jugated vegetable oils is essentially a stepwise 
addition reaction involving primary valence bonds, the resulting polymer growth 
being evidenced in the following four experimentally independent directions: 
(/) solubility, (2) molecular weight, (3) viscosity, and (4) iodine value. Com- 
ments on the data presented in these categories vrill now l)e made. 

A. Solubility 

The progressive insolubility of the various higher polymers as they appear in 
stepwise fashion during the heat-polymerization process is shown primarily by 
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TABLE 9 

Mmomer-^polymer fractimatum Vfith homolagou$ %en€$ of normal monohydrie 

alcohoUt, of linseed oil heat-polymerieed for 10 hr. at 907^0 » 


NOIKAL AIjCOHOL XXTKACTIONS 

PR-1 

PR-2 

PR*^ 

BU-l 

BtJ-2 

BU-3 

AM-1 

AM-2 

AM-3 

Weight per cent ex- 










tracted 

20.0 

8.7 

4.0 

5.3 

2.6 

2.0 

4.7 

4.0 

2.7 

Molecular weight . . .| 

1115 

1145 

1283 

1478 

1705 

1681 

1596 

2049(c) 

1261 

1800(o) 

1667 
2518 (o) 

Viscosity (poises) . . . 

3.0 

4.5 

8,1 

15.3 

29.5 

63.1 

46.2 

36.3 

109 

Acid value 

24.5 

3.5 


2.3 






Iodine value 

Molecular species dis- 

119.2 


121.2 



113.9 




tribution (weight f 
per cent) < 

70-M 

73.M 

55-M 

31-M 

6-M 

O-M 

67-D 

95-D 

12.D 

30-D 

27-D 

45-D 

69-D 

94-D 

91-D 

33-TR 

5-TR 

88-TR 


NOSMAL ALCOHOL 
EXTHACTIONS 


Weight per cent ex- 
tracted 

Molecular weight. . 

Viscosity (poises)... 

Acid value 

Iodine value j 

Molecular species 
distribution I'l 

(weight per cent) . 


H-l 


5.3 

2280 

3450(c) 

393 

109.4 

20-TR I 
80-TE 


H-2 


3.3 

1119 

2415(c) 

98.8 


25-D 

75-TR 


H.3 


2.0 

2821 

2610(c) 

139 


2-D 

98-TR 


0-1 


2.7 

3093 

3240(c) 

309 


49-TR 

51-TE 


0-2 


1.3 

3720 

3360(c) 

368 


lO-TR 

90-TE 


0-3 


0.7 


3278 

3840 

588 


66-TE 

34-PE 


imFHACriOKATED 

HElCAlHDEft 


Soluble! 
per cent * 


30.7 


Petro- 

leum 

ether 


TABLE 10 

Monomer-polymer fractionation (iS6*^C.), with homologous series of normal monohydric 
alcohols, of soybean oil heat-polymerized for 5 hr, at S07^C. 











UNFRACXIONATED 

MOSliAL ALCOHOL 

PR-l 

PR-2 

PR-3 1 

PR-4 

BU-l 

BU-2 

BU-3 i 

AM-l 











Weight 

Soluble 








j 


per cent 

in 

Weight per 











cent ex- 
tracted ... . 

53.4 

22.7 

8.7 

3.3 

6.7 

2.6 

1.3 

1.3 

0 


Molecular 
weight. . . . 
Viscosity 

896 

1015 

1272 

1720 

1919 

2220 

2430 

2634 



(poises) 

1.3! 

1.4i 

4.4 

8.8 

17.6 

33.1 

41.2 

63.4 



Acid value . . 
Iodine value 

8.7 

2.6 

1 

0.6 








(Wijs) .... 
Molecular 

120.3 

120.0 

116.0 

113.2 

110.3 

109.1 





species dis- 
tribution 











(weight per r 
cent) 1 

98-M 

86-M 

66-M 

4-U 

82-D 

46-0 

23-D 

100-TR 



2-D 

15-D 

44-D 

96-D 

18-TR 

54.TR 

77-TR 















TABLE 11 

Monomer-polymer fractionation with homologous series of nortnal monohydric alcohols^ of soybean oil heat-polymerized for 

12 hr. at 307^0. 


POLYMBB PRACTIONATION OP HEAT-POLYMERIZED OILS 
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1.0 

2700 
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92-TR 

8-TE 
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2.0 
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98.5 

36-TR 

64-TE 

AM-2 

_ 

3.4 

2309 

63.4 

3.4 

37-D 

63-TR 

AM-1 

5.3 

3940 

148 

90.2 

60-TE 

50-PE 

BU-4 

1.4 

3585 

46.3 

86-TE 

14-PE 

BU-3 

2.0 

2420 

36.2 

25-D 

75TR 

BU-2 

4.0 

2332 

25.9 

2.6 

34-D 

66-TR 

P 

PQ 

1 

5.3 

1914 

22.7 
2.6 

98.8 

82-D 

18-TR 
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the necessity for using the successively hi^er members of the homologous series 
of normal mohohydric alcohols and finally petroleum ether in order to effect 
solubility of the last remaining insoluble fraction. The mafpiitude of this solu- 
bility is dependent on the temperature, which is indicated in the study menti<med 
in Section II. 

As previously stated, experiments in this study were made at extraction tem- 
peratures of 4°C., 26'’C. and SO^C., on samples of linseed and soybean oils which 
had been heat-pol 3 Tnerized for 9 and 16 hr., respectively. The results show that 
the solubility is in some manner proportional to the temperature of extraction, as 
indicated in tables 13 and 14. From these data it is evident that some, although 
not too much, advantage is gamed in performing the extractions at the lower 

TABLE 13 


Weight percentage of combined extractions per member of normal alcohol series of linseed oil 
heat-polymerized for 9 hr. at S07’‘C. 


EXTRACTION TEMPEBATUSE 

W-PBOPYL ALCOHOL EXTRAC- 
TIONS 

If-BUTYL ALCOMOE EXTBAO- 
TIONS 

»-AMYL ALCOHOL EXTRAC- 
TIONS 

*C. 

weight per cent 

weight per cent 

uteight per cent 

4 

32.9 

7.8 1 

j 10.4 

26 

33.8 

8.9 

1 11.8 

56 

i 44.4 

14.0 

i 18.9 


TABLE 14 


Weight percentage of combined extractions per member of normal alcohol series of soybean oil 
' heat-polymerized for t6 hr. at SOT^C. 


EXTBACTION TEMPESATUBE 

n-PBOPYL ALCOHOL EXTRAC- 
TIONS 

n-BtJTYL ALCOHOL EXTRAC- 
TIONS 1 

n-AlfVL ALCOHOL EXTRAC- 
TIONS 

‘•C. 

weight per cent 

weight per cent 

weight per cent 

4 

28.4 

\ 10.8 

12.6 

26 

30.6 

13.6 

15.7 

56 

41.0 

I 19.5 

1 

21.0 


temperature. Consequently the results for the regular series of fractionations 
which were done at 26°C. are not at too great a disadvantage for the survey pur- 
poses of this paper. The extractions at 56®C., on the other hand, are not suffi- 
ciently selective in solubility. 

1. Dependence of extent of fractionation on occurrence of secondary gelation 

Aside from the above, there is one definite advantage in the low-temperature 
fractionation : namely, that of minimizing the tendency to gel of the latter portion 
o( the sample being fractionated. In the above examples, fractionation at 4“C. 
could be continued for both oil samples at least through the n-hexyl alcohol stage, 
whereas at 26‘’C. fractionation was often interrupted by the onset of gelation at 
the end of the n-amyl alcohol extractions. It is quite interesting that the more 
hi^]^y pciymerized portion or fraction of a sample should be so sensitive to gela- 
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TABLE 16 

r-polymer fractionation 4°C.), with homologous series of normal monohydric alcohols containing 0.1 per cent hydroguirwne, of soybean 

oil heat-hodied for 17 hr. at S07°C. 




s 

1.7 

3132 

148 

37-TR 

63-TE 

n 

3.0 

3316 

148 

22-TR 

78-TE 

ix; 

4.0 

2172 

2926(c) 

98.5 

92.8 

66-TR 

34-TE 

AM-4 

1.3 

3865 

80.9 

62-TE 

38-PE 

a 

< 

2.6 

3505 

80.9 

5-TR 

95-TE 

AM-2 

3.0 

2095 

36.2 

60-D 

40-TR 

AM-1 

3.3 

2275 

36.2 

88.6 

39-D 

61-TR 

BU-4 

1.3 

1950 

25.9 

78-D 

22-TR 

»*> 

P9 

2.1 

1665 

17.6 

25-M 

75-D 

r*i 

si 

n 

2.3 

1512 

29.0 

27-M 

73-D 

5 

3.0 

1229 

8.8 

93.5 

61 -M 
39-D 

PR-4 

2.3 

1225 

5.6 

1.3 

62-M 

38-D 

PR-3 

3.0 

1155 

4.9 

6.0 

69-M 
31 -D 

PR-2 

3.7 

1121 

3.7 

13.8 

73-M 

27-D 

PR-1 

12.7 

927 

2.7 

27.9 

97.2 

95-M 

5-D 


£ 


% 


1 

I 






Soluble 

in 

Petro- 

leum 

ether 

I& 

o 

i 



♦*> 

a 

3.3 

2046 

4683(c) 

683 

82.2 

67-PE 

33-HEX 

DD-2 

5.0 

2225 

4171(c) 

388 

25-TE 

75-PE 

DD 1 

8.0 

2009 

4171(c) 

388 

85.4 

25-TE 

75-PE 

Q 

1.3 

3383 

4829(c) 

855 

50-PE 

50-HE 

Q 

1.0 

1597 

3805(c) 

268 

67-TE 

33-PE 

<V1 

Q 

3.3 

2180 

2927(c) 

98.5 

66-TR 

34-TE 

Ci 

5.3 

1436 

4171(c) 

388 

25-TE 

75-PE 

6 

1.3 

3344 

4171(c) 

388 

25-TE 

75-PE 

**> 

6 

2.1 

2370 

380S(c) 

268 

67-TE 

33-PE 

6 

3.0 

1021 
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80.9 

80.4 

90-TR 

10-TE 
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4.3 

2467 
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tion when present by itself. This points to the stabilizing effect of the monomers 
and the lower polymers on these higher polymers, since the unfractionated heat- 
polymerized oil samples, even at fairly high viscosities, show only slight viscosity 
changes on months of aging at room temperature. The secondary gelation in 
this case would appear to have been inhibited by the monomers and lower 
polymers l)eing physically adsorbed onto the larger polymers and acting in a 
manner similar to that of a protective colloid. These adsorbed molecules, in the 
case under consideration, are however not too tightly held, since they are capable 
of teing stripped during the fractionation procedure. Once stripped from their 
protective adsorljents, the large polymers are very sensitive to cross-linking, 
which can be activated by minute amounts of oxygen. Such oxygen might easily 
be present in spite of the precautions taken to prevent it. 

In the study of the effect of the addition of 0.1 per cent hydroquinone on the 
retardation of secondary gelation, samples of the heat -polymerized linseed and 
soylx'an oils after 8 and 17 hr., respectively, at the reaction temperature of 307®C. 


TABLE 17 


HE AT -polymerized OIL 

(307*C.) 

NUMBER OP FRACTIONS SEPARATED AFTER 

i 0 hr. 

1 

Ihr. 

4hr. 

5 hr. 

8 hr. , 

J 12 hr. 

17 hr. 

Linseed 

2 

— 

10 

— 

29 ! 

j 


Soybean 

0 

3 

— 

8 

10 1 

i 

29 


were used. Taken together, the presence of antioxidant plus the added experi- 
mental conditions of low temperature were excellent for the elimination of the 
oxygen polymerization gelation factor. The results given in tables 15 and 16 
show that there was a*'total elimination of secondary gelation, and that for the 
first time it was possible to fractionate through the entire series of normal mono- 
hydric alcohols, including ?j-dodecyl alcohol. The still insoluble liquid residue 
after the last-named extraction was approximately only 9 per cent for each of the 
oil samples fractionated, and this was reiidily soluble in petroleum ether. 

2. Number of fractions obtained as a function of time of polymerization 

With respect to this it would of necessity follow that as the higher polymers 
successively appeared an increased number of alcohols of the series would be 
found necessary to effect their separation. Table 17 gives examples of this. 
These are selected from those in which the factor of secondary" gelation was either 
absent, as during the early stages of polymerization, or prevented from occurring 
by the hydroquinone treatment. The numl>er of fractions obviously has only 
qualitative significance. 

B. Molecular weight 

Since new fractions are obtained as the reaction progresses, assumedly as the 
result of polymer growth, it should follow that the molecular weights of these 
successive fractions should also exhibit corresponding increases. The experi- 
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mental data in general confirm this^ at least for all fractions up to and in most 
cases including those obtained from the n»amyl alcohol extractions. For the 
fractions obtained, however, from the members of the homologous series higher 
than n-amyl alcohol, anomalies in molecular weight are the rule. Most of the 
anomalies are exhibited as marked decreases rather than increases of the correct 
order oi magnitude. In the few instances where increases in molecular weight 
for these higher fractions do occur, the increases are usually abnonnally high ones. 
These anomalies are apparently due to the molecular insolubility and therefore 
non-ideality of the higher polymers in cyclohexane. 

One might therefore postulate that a critical minimum value in polarity of the 
solvent in relation to that of the solute must not be exceeded in order that true 
or molecular solution be attained. This molecularity of solution is, of course, an 
essential requirement for the application of Raoult;'s law to the determination of 
molecular weights. 

Current thought on the cryoscopic method for the determination of molecular 
weights stresses ideality of solution and infinite dilution as the prime require- 
ments for accurate determinations (32). The first of these is of course essential, 
but it is the author’s opinion, based on experimental data to be presented soon, 
that infinite dilution is not an essential requirement, at least not for the lower 
range of oil pol 3 Tners. If ideality of solution is assured, the molecular weight 
appears to be experimentally independent of the concentration.^ 

Solvents are not known, however, of the required low polarity wliich also 
possess the requirement of having their freezing points within a temperature 
range experimentally desirable for cryoscopic measurement of the higher oil 
polymers. Therefore the osmotic-pressure method is indicated for the deter- 
mination of the molecula,r weights of these higher polymers, since for them only 
the first of the two requirements need be met. Work onlhis is contemplated as 
well as on some other procedures which likewise appear feasible. These will be 
reported at a later date. 


1. Molecular-weight correction for free fatty acid content of fractions 
eilstracted with n-propyl alcohol 

As was indicated in Section III, it is necessary to correct the experimentally 
determined values of the number-average molecular weights of the n-propyl alco- 
hol extracted fractions for their free fatty acid content, in order to obtain the 
molecular weight of their contained triglyceride monomers and polymers. The 
number-average molecular weight is defined for a two-component system as: 



nAMW^naMWa 

fiAnB 


where iia = number of molecules of component A 
Wb = number of molecules of component B 
MWa == molecular weight of component A 
MWb = molecular weight of component B 


* Unpublished data of the author. 
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If the percentages of components A and B are known, then 


MW, 


nunibcr average 


per cent A 
~MWa~ 


MWb 


per cent A per cent B 


MW/ 


MWd 


If MW A is taken as the molecular weight of the contained triglyceride 
monomers and polymers, MWb as the molecular weight of the free fatty acids, 
and MWnumber avwae- that of the experimental value of the mixture contained in 
the fraction, then solving for MWa: 


MWa = 


(MA\ B)(JVI"Wnumbcr avera#e)(pCr CCnt A) 
ioo (MW)b - (MW„„,„ber avariwakper Cent B) 


Since per cent B, that of the free fatty acids, is known from the free fatty acid 
value, the percentage of triglyceride monomers and polymers, per cent A, is 
known by difference. For MWb, the molecular weight of the free fatty acids, 
one might assume the use of the theoretical average value of 279 for a Ci8 acid but 
this is incorrect, as will be shown in a subsequent paper, and the dimer value of 
558 is used instead. The final form of the eejuation is therefore: 


MWa = 


(558)(]MWnunibor avi*rage)(ppr Cent .\) 
55806~- (MWnumbVr average )(per cent B) 


As an example to indicate the magnitude of the correction: for a first n-propyl 
alcohol fraction of heat-polymerized linseed oil the acid value of which was 23.6 
and the number-average molecular weight 955, the calculated value for the 
number-average molecular weight of the contained triglyceride monomers and 
poljTners wa^s found to be 1115. Both uncorrected and corrected values are given 
in the tables. 


r. Vim)sity 

As can be seen from the data the increase in absolute sgiscosity for the various 
fractions extracted from any of the heat-polymerized oil samples is a function of 
polymer growth, the values ranging from approximately 1 poise for a fraction 
extracted by n-propyl alcohol to over 1000 poises for one extracted by n-dodecyl 
alcohol. The much higher order of magnitude of viscosity of tjiese higher 
polymer fractions as compared to the lower polymers is probably due to theeffect 
of branching as well as to the formation of the previously postulated smaller 
soluble cross-linked polymers (6). 

While current emphasis in high-polymer chemistiy has been on solution vis- 
cosity and the concept of intrinsic viscosity, significant work has also been re- 
ported on fluid viscosity (17), which is the basis of the work reported in this paper. 
The application of the concept of intrinsic viscosity must be approached with 
caution, since it by no means is certain, as is sometimes tacitly assumed, that at 
infinite dilution a solute ^vill be dispersed to the molecular state irrespective of 
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the solvent used. Intrinsic viscosity [q] is defined as the first coefficient, a, of a 
power series evaluating specific viscosity: 

Vbp ■= oiCi + 0*4 + • • • 

The second coefficient, a*, expresses the interaction between solute molecules. 
The magnitude of the forces constituting this interaction must be variable and 
must depend not only on the t}rpe of solute molecules but also on the relation of 
solute to solvent. For the oil polymers under discussion this interaction 
appears to be related to the postulated relationship of the polarities of solute 
and solvent. It does not of necessity follow that at inl^ite dilution the 
interaction constant is negligible, and indeed the work of Spurlin, Martin, and 
Tennent (33) shows that in the case of ethyl cellulose different solvents not only 
give different slopes when the concentration is plotted against the specific vis- 
cosity concentration, but also that when the curves are extrapolated to infinite 
dilution they do not meet at a common point. Alfrey (3) has recently reviewed 
the problem from the point of view of polymers sufficiently long as to coil. In 
such systems hydrodynamic interaction with respect to good and poor solvents 
comes into play. In the simpler oil polymer systems under consideration, of 
molecular weight in the range of 2000 to 6000 and constituting a maximum of 
five to six monomers, there would be relatively little likelihood of such mechanical 
interaction between solute and solvent. 

Contrary to claims made by other workers in this field — Morrell (26), Powers 
(2), and Schwarcman (31) — there is according to the data presented no initial lag 
in viscosity increase during the early stages of the heat-polymerization. Since 
the order of magnitude of the viscosity is small, that of any increase in viscosity 
should likewise be correspondingly small , — as it is. The high order of magnitude 
of decrease in iodine value, on the other hand, in relation to the low order of mag- 
nitude of increase in viscosity was apparently either not discernible or not cor- 
rectly interpreted by these investigators, who worked with unfractionated 
heat-polymerized oil samples. They ascribed the apparent failure of the viscosity 
to increase initially in a manner corresponding to the decrease in iodine value as 
due to intrapolymerization, a conclusion certainly not in conformity with the 
experimental data in this paper, and furthermore, one which has been sho^vn 
untenable on theoretical grounds in a previous paper (6). 

1 . Anomalous viscosity increase in the first n-propyl alcohol fractions as a 
function of time of polymerization 

Contrary to the expectation that the viscosity of the first ra-propyl alcohol ex- 
tracted fractions should be the same irrespective of the extent of polymerization 
of the oil samples being fractionated, one finds that their viscosities are not 
constant but tend to increase with the time of polymerization. Thus, for ex- 
ample, whereas the viscosity of the unbodied linseed oil used was 0.50 poise and 
that of the first n-propyl alcohol extracted fraction after 0 hr. at the polymeriza- 
tion temperature 0.61 poise, the viscosity of the similarly extracted fraction after 
4 hr. of pedymerization rose to a value of 2.8 poises. 
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The reason for the anomalous viscosity increase has already been suggested in 
a previous paper (6), — namely, that as the poljTnerization progresses, more and 
more heat-stripping of the saturated and low unsaturated fatty acid components 
from the j^-glyceryl positions occurs, leaving as products of this secondary re- 
action mono- and di-glycerides which are present as monomers and polymers. 
The data show, however, that having reached a maximum value of approximately 
2.5, the viscosity of these first fractions extracted with n-propyl alcohol tends to 
become constant. This may be interpreted to mean that a diglyceride dimer 
may polymerize with a triglyceride monomer, and thus as a consequence of its 
lowered polarity become insoluble in n-propyl alcohol. An equilibrium may 
therefore be established between the constantly forming, soluble diglyceride 
dimers and the higher mixed di- and tri-glyceride polymers which are assumed to 
be insoluble in the n-propyl alcohol. A detailed quantitative study of this phe- 
nomenon is being made. 

Having discussed both the molecular weight and viscosity aspects of the heat- 
polymerization process independently of each other, attention will now be 
directed to the relationship between them. 

2. Absolute viscosity-molecular weight relationship 

Dunstan (14) indicated that for a series of polymers, the members of which 
differ only in length of chain, the number-average molecular weight is an approxi- 
mate first-power linear function of the log of the absolute viscosity. This was 
subsequently shown to be incorrect, and Flory (17) in a subsequent paper showed 
that for linear polymers if the half -power of the w^eight-average molecular weight 
were used instead, the linearity was greatly improved. 

In the present work the weight-average molecular weight was not convenient 
to calculate by the Floiy ecpiation (17), because of the heterogeneity of the oil 
polymer systems used; hence the more easily determined cryoscopic number- 
average value was used instead. In general, for the data presented here on the 
fractionated samples, it may be said that a considerable degree of linearity exists 
when the absolute viscosity is plotted against the half-power of the number- 
average molecular weight. This is particularly true for the lower region of 
pol>Tner growth, where the molecular-weight determinations are experimentally 
significant. The statement of Adams and Powders (2) that they were unable to 
obtain a linear relationship between the logarithm of the viscosity and the half- 
power of the molecular weight may be attributed to the fact that they worked 
with unfractionated heat-polymerized oil samples. 

Figures 2 to 13 give the relationship for the linseed and soybean heat-pol 3 nner- 
ized oil samples on the basis of the individual molecular weight and absolute 
viscosity values of the extracted fractions constituting the samples. These ^re 
divided into two groups: the first (figures 2, 3, 4, 5, 6, and 7) where the first pdWer 
of the number-average molecular weight was used, and the second (figures 8, 9, 
10, 11, 12, and 13) where the half-power was employed. 

Since the log of the highest viscosity encountered in any of the extracted frac- 
tions was approximately 3.30, the curves in the first group of figures were extra- 
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polated to this point. The mdeculsr weights of fracticms extracted above n-amyl 
alcohol were then read from the extrapolated curve. 

It is of considerable interest that the slope of the line representing the idMOlute 
viscosity-(molecular weight)* relationship is, with one exception, practically 
identical for all of the fractioned samples, this being in the range of 1.570 to 1.601. 



MOLECULAR WEIGHT 

Fio. 2. Monomer-polymer fractionation . {26‘’C.), tidth homologous series of normal 
monohydric alcohols, of linseed oil heat-polymerized for 1 hr. at SOT^C. 

The single exception is the fractionated 10-hr. reacted linseed oil sample which 
has a slope of 2.904. 


D. Iodine valtie 

The heat-polymerization is much more difficult to follow from the viewpoint of 
HAeiymap. in iodine value of the various fractions removed from the oil samples. 
In the main, this difficulty is ccmcemed with the heterc^eneity of unsaturation 
which exists in the original unbodied oils, which means that both the reactants 
and the products of the reaction may have varying iodine values for the same 
motecular species. There is, moreover, another difficulty, that <rf colloidal floe- 





POLYMER FRACTIONATION OF HEAT-POLYMERIZED OILS 


639 


culation previously referred to, which renders the application of the Wijs method 
to the determination of the unsaturation in the higher polymers of dubious value. 
This phenomenon is indicative of the lack of molecularity in the solutions of these 
higher polymer fractions, and is the counterpart of the difficulty encountered 
with the determination of their molecular weights. The result of this situation 
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Fio. 3. Monomer-polymer fractionation (26'*C.), with homologous series of normal 
monohydric alcohols, of linseed oil heat-polymerized for 6 hr. at 307°C. 


is that the Wijs values for the later removed heat-pol>merized oil samples con- 
taining these higher polymeric fractions are much too low, and that the mag- 
nitude of the attendant decrease is therefore entirely out of line with that for the 
earlier fractions in which the monomers and lower polymers predominate. De- 
spite the obstacles it is nevertheless of exceeding interest to attempt the task of 
interpreting the data on iodine value because of the insight it affords in under- 
standing the mechanism of the polymerization reaction. 
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1. Experimental evidence on the comparative polymeriaation reactivities 
of the various monomers present 

It was stated in the previous paper in this series (6) that on the basis of the 
distribution analysis procedure described therein, the monomers present in the 
unbodied non-conjugated vegetable oils could be classified first, in accordance 
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Fig. 4. Monomer-polymer fractionation (26®C.), with homologous series of normal 
monohydric alcohols, of linseed oil heat-polymerized for 10 hr. at SOT^C. 


with their partial randomly constUvied fatty add component composition, and 
secondly, with respect to their polymerisation potentiality. According to this 
olas^cation, the tot of the monomers to polymerize would be the most highly 
unsaturated ones belonging to the tot reactivity group. There are two theoreti- 
cal consequences erf these postulates: (i) that the iodme value of the remaining 
mmomere at l^e latter stag^ of the polymerization should be at or noftr the 
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lower limit of the theoretically calculated unsaturation, and ( 2 ) that at the inter- 
mediate stages of the polymerization for the particular oil system in question, the 
iodine values of the remaining monomers should be between this lower limit and 
the upper one representing the average of the monomers initially present. For 
linseed and soybean oils the upper limits are obviously the initial iodine values of 



I ; I i I I I I I 

0 600 1200 1800 2400 3000 3600 4200 4600 5400 


MOLECULAR WEIGHT 

Fig, 5. Monomer-polymer fractionation (26°C.), with homologous series of normal 
monobydric alcohols, of soybean oil heat-polymerized for 5 hr. at 307®C. 

the oils themselves, — namely, 180.1 and 140.7, respectively, whereas the lower 
limits of unsaturation should be theoretically represented by the base forms 

Le Lo 
01 01 
Sa Sa 

respectively, for which the respective calculated iodine values are 115.8 and 68.8. 

If the theory based on distribution analysis and polymerization potentiality is 
a satisfactory explanation of the experimental evidence, the data should conform 
to the following two requirements: first, that there shall be a qualitative decrease 



642 


I. X. BBBNBTailN 


.in iodine value of the lemtuning monomers as a function of the time of polymer- 
isati(Hi, and second, that there shall be a quantitative corresp<mdence of the 
iodine value of the monomers remaining after gdiation wil^ the theoretical values 
given above of 115.8 and 86.8, respectively, for the two oils. 
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MOLECULAR WEIGHT 

Fig. 6. Monomer-polymer fractionation (26'C.), with homologous series of normal 
XBonohydric alcohols, of soybean oil heat-polymerized for 12 hr. at 307“C. 


If one assumes as a first approximation that the monomers are concentrated 
In the first n-prppyl alcohol extracted fractions and that the iodine value of these 
frectkoos represents substantially the average of those of the monmners, the data 
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given in tables 18 and 19 for heat-polymerized linseed and soybean oils furnish the 
required evidence, both qualitative and quantitative. 

The correspondence of the above data to the postulated requirements of the 
theory is, of course, evident; not only does the necessary qualitative relationship 
exist of progressively decreasing iodine value for the monomers remaining at the 
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Fio. 7. Monomer-polymer fractionation (26°C.), with homologous series of normal 
monohydric alcohols, of soybean oil heat-polymerized for 17 hr. at oi)7°C. 


successive stages of the poliTnerization, but even more important is the quanti- 
tative correspondence of the experimental iodine value lower limits of 113.3 and 
88.7, respectively, for the monomers of linseed and soybean oils remaining in the 
gels with their theoretically calculated values of 115.8 and 86.8. 

In contrast to the above excellent agreement, that for the polymers higher than 
the dimers is disappointing. An account will now be given of the interpretation 
<rf the data on iodine values for the pol 3 mers in general, which will be followed by 
that for dimers specifically. 
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2. Iodine value decrease as a function of the previous history of 
specific polymer size 

As the polymerization reaction proceeds, utilizing more and more double bonds, 
one should find a progressive decrease in iodine value with increasing poisoner 
size. This relationship for the non-conjugated vegetable oils is a complex one, 



Fio. 8. Monomer-polymer fractionation (26*C.), with homologous series of normal 
monohydric alcohols, of linseed oil heat-pol 3 rmerized for 1 hr. at SOT’C. 

two factors of which merit some discussion. The first has to do with the normal 
decrease in iodine value on polymerization for any particular level of unsaturation 
originally existing in the heterogeneous monomer oil system, while the Becfm^ 
factor is concerned with the fact that as the level of unsaturation of the monoi^^ 
decreases, the iodine value of the polymers ensuing from them should likewise be 
lowm: for any ^cific polymer size. 
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With regard to the first factor, this should evidence itself experimentally in a 
progressive decrease in iodine value of the polymers issuing from those monomers 
constituting the first reactivity group, which pol3maers are the first to attain the 



Fio. 9. Monomer-polymer fractionation (26°C.)> with homologous series of normal 
monohydric alcohols, of linseed oil heat-polymeriaed for 6 hr. at 307°C. 

extent of growth approaching that required for the formation of the insoluble 
croBS-liidced polymers and the onset of gelation. According to the method of 
theoretical calculations given in a previous paper (6) for an average linseed oil 
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sample, the average iodine value of all heat-polymerized linear and branched 
pentamers formed from the monomers of the first reactivity group is 141. This 
is considerably higher than the experimental iodine value of 83.3 for the fraction 



Fig. 10. Monomer-polymer fractionation (26'’C.), with homologous series of normal 
monobydric alcohols^ of linseed oil heat-polymerized for 10 hr. at 307*^0. 


extracted with n-dodecyl alcohol from an 8-hr. heat-polymerized linseed oil 
sample and is the consequence of the iniqiplicability of the Wijs method to the 
determination of unsaturation in these higher polymers. Since the experimental 
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iodine values of the higher pol3aneric fractions are without significance, one may 
inquire whether the correspondence between the theoretical and experimental 
iodine values is better at the lowest stage of polymer growth, that of dimerization. 
Because of the heterogeneity of monomers present, tending to form dimers from 
the various reactivity groups, it is impossible to do this for any single monomer. 



Fig. 11. Monomer-polymer fractionation (26®C.), with homologous series of normal 
monohydric alcohols, of soybean oil heat-polymerized for 5 hr. at 307T. 

This impasse leads to the possibility of interpreting the data on an averaging 
basis. This is related to the second factor mentioned, — the theoretical corre- 
spondence of the decrease in iodine value of the monomers to that of the dimers 
foimed from them. As will subsequently be shown, the average of the experi- 
mentally determined iodine values on dimerization is in reasonable agreement 
with the theoretically calculated average. 
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This second factor is illustrated by the data in tables 30 and 21, and shows that 
at successive stages of the h^t-polymerization of linseed and sc^bean oils the 
decreasing iodine value of the dimer fractions qualitatively follows that of the 



Fig. 12. Monomer-polymer fractionation (26'‘C.), with homologous series of normal 
monohydric alcohols, of soybean oil heat-polymerized for 12 hr. at 307‘C. 

monomers. It is, of course, obvious that the particular dimers for which the 
iodine values are given were not formed from the monomers listed but rather frinn 
the monomers immediately preceding them and possessing a slightly hi gher 
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of unsaturation. Nevertheless, even with this limitation, the qualitative corre- 
spondence is excellent. 



Fig. 13. Monomer-polymer fractionation (26®C.), with homologous series of normal 
monohydric alcohols, of soybean oil heat-polymerized for 17 hr. at 307°C. 

The theoreticallv calculated possibilities of iodine value on dimerization for 

Le 

linseed oil rai^e from a maximum of 188 for the reaction of two Le monomers 

Lo 
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of the first reactivity group to that of a minimum of 73 for the dimerization of 
Sa 

two Le monomers of the third reactivity group. Similarly for soybean oil the 

01 

Lo 

range in iodine value on dimerization is from 159 for the reaction of two Le mono- 

Lo 

Lo 

mers of the first reactivity group to 87 for the dimerization of two Lo monomers 

Sa 


TABLE 18 

Iodine value of the first n-propyl alcohol extracted fractions as a function of time 

of polymerization 


Heat -polymerized linseed oil (307°C.) 


HOURS AT 307X. 

WIJS IODINE VALUE 

(Original unbodied oil) .... 

180.1 

0 (on reaching 307 ^C.) 

177.4 

1 

161.4 

2 

145.9 

4 

129.0 

6. . . 

125.3 

7 . . . 

121.3 

8 

122.0 

10 

119.2 

12 

113.3 


TABLE 19 

Iodine values of first n^propyl alcohol extracted fractions us a function of time of polymerization 
Heat-polymerized soybean oil (307 ®C.) 

HOURS AT 307 X. i WIJS IODINE VALLT. (60 MIN.) 

(Original unbodied oil) 

1 

5 

8 

12 

14 

17 

18 (liquid fraction of gel) 


140.7 
120.6 

120.3 

111.7 
103.6 

101.3 

96.6 

88.7 


of the second reactivity group. It is clear that some weighted avera^ of these 
calculated values are in reasonable correspondence, in a qualitative sense, with 
the ejqierimental iodine values on dimerization as given in the previous tables. 

In addition to the above qualitative use of the experimental dimerization iodine 
value data, they may be further used from a quantitative point of view for the 
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express purpose of testing the correctness of the basic theoretical assumption 
proposed in a previous paper (5) as to the number of double bonds involved per 
oil molecule in any single addition-polymerization reaction bet^\een two monomer 
or polymer units. According to this theory’' it was postulated that two double 
bonds per oil molecule were consumed when the fatty acid component involved 
in the stepwise polymerization reaction was linolenic, and but one when the re- 
acting fatty acid component was either linolic or oleic. 

TABLE 20 


Decreasing iodine value of fractions of heat-polymerized linseed oil essentially dimeric at 

sticcessive stages of their formation 


TIME AT 307*^. 

SPECIFIC 

IXTRACTFO 

FE ACTION 

APPROXIMATE MOLFCULAR SPFCIFS 
DISTRIBUTION 

1 1 IODINE VALUE OF FIRST 

{ WIJS IODINE ; »- PROPYL ALCOHOL EX- 
i VALUE (60 MIN'.) TRACTKD FRACTION ^ES- 
1 ! SENTIALLY MONOMERIC) 

1 . ^ _ 

hours 


weight per cent 


i 

1 

BU-2 

98^ dimer-2% t rimer 

i 135.3 

; 161.4 

4 

BU-1 

dimer-10^7’ monomer 

124.0 

129.0 

6 

BU-1 I 

dimer-16CJ monomer 

121.2 

j 125.3 

7 

BU-1 ! 

dimer-12% monomer 

120.4 

121.3 

8 

BU-1 

049( dimer- monomer 

120.0 

1 122.0 


TABLE 21 

Decreasing iodine value of fractions of heat-polymerized soybean oil essentially dimeric at 
successive stages of their formation 


i 

TIME AT mVC. 

bPrciFic ; 

EXTRACTED ' 
FRACTION ' 

APPROXIMATT MOLECULAR SPECIES 
DISTRIBUTION 

, WIJS lODINt: 
VALUE ’60 MIN.) 

IODINE \ ALUE OF FIRST 
«-PROPYL ALCOHOL EX- 
TRACTED FR ACTIO .N (ES- 
SENTIALLY MONOMERIC) 

hours 


weight per cent 



5 

PU-4 

90^7 dimer- 49c monomer 

113.2 1 

120.3 

S 

BU-1 1 

95^0 dimer- 59f monomer 

106. S 

111.7 

12 

BU-1 

97^c dimer- 3^c monomer 

100.9 

103.5 

14 

BU-1 

90^c diiner-10% monomer 

98.9 

101.3 


3. ('alculalion of iodine value decrease on average dimerization for 
heat-polymerized linseed and soybean oils 

This discussion will obviously be restricted to that of dimerization, but it will 
not, however, be restricted t o a single species of monomer and dimer ensuing from 
it, since in this study this is not possible. The inquiry will rather be on the basis 
of the average decrease in iodine value on average dimerization. This is a par- 
ticularly apt approach, since the iodine values of the unbodied oils are themselves 
average values of all the monomers initially present and represent the various 
degrees of unsaturation. It would appear therefore, as a first approximation, 
tliat the difference in iodine values between the av'^erage of that of the monomers 
and of a representative group of the dimers should provide an adequate test of 



652 


1. M. BBRNSTEIX 


-Uie theoretical requirement for decrease in iodine value cm dimerisaticm for the 
two oils. This is predicated on an equal weighting of the iodine values of the 
essentially dimeric fractions, which is a fair assumption. Since in linseed oil the 
dominant fatty acid component is linolenic acid and in soybean cnl lincdic add, 
these two oils should on dimerization give, if the theory is correct, a decrease in 
iodine value equivalent to slightly less than two double bonds per oil molecule 
for linseed oil, because its minor unsaturated fatty acid components are Unolic 
and oleic, and somewhat more than one double bond per oil molecule for soybean 
oil, because its minor unsaturated fatty acid components are linolenic and oleic. 

The average of the experimental dimerization iodine values given in tables 20 
and 21 is 124.2 and 105.0, respectively, for linseed and soybean oils of the particu- 
lar fatty acid component compositions specified in the previous paper (6). Since 
the average iodine value of the monomers of the two oils is that of the unbodied 
oils themselves — namely, 180.1 and 140.7 — we can obtain by subtraction the 
average decreases in iodine value on dimerization, which are therefore 55.9 and 
35.8 for linseed and soybean oils, respectively. 

The above experimental average decreases in iodine value on dimerization for 
the two oils are related not only to their major fatty acid components with which 
we are primarily concerned, but to their minor fatty acid components as well, and 
it is therefore necessary to correct for the minor fatty acid components entering 
into the dimerization reaction. After these corrections are made, the experi- 
mental average decreases in iodine value on dimerization for the two oils, corre- 
sponding to the number of double bonds involved, \vill be ready for comparison 
with the theoretically postulated values. 

4. Correction for linolic and oleic reacting components in theoretical decrease 
in iodine value of linseed oil on dimerization 

The minor fatty acid component correction for linseed oil was made on the 
basis of the percentage of possible reactions for a linolic and oleic component out 
of the total possible reactions for each of the five LC groups (6). 

ThQ results show that out of the 63 molecules constituting a distribution 
analysis lli'^er cent will react on the basis of the minor linolic and oleic acid com- 
ponents, leaving 89 per cent of the monomers to react through linolenic acid 
components. * 

In a previous paper (5) theoretical calculations w'ere made which indicated 
that on dimerization, or any other single step of heat-pol3Tnerization of the non- 
conjugated vegetable oils, there occurs a decrease in iodine value of 28.94 for 
each double bond per oil molecule involved in the reaction. This is contrary to 
the claim of Adams and Powers (1) that in the heat-polymerization of Unseed oil 
the loss of one double bond is equivalent to a drop of 86.6 in iodine value. 
This would imply in a reacting triglyceride monomer the loss of three double 
bonds instead of one or two and hence can be ruled out. Therefore, for a Uno- 
lenic reacting component involving, according to the present author’s hypotheos, 
two double bonds per oil molecule, the decrease in iodine value would be 2(28.94) 
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or 57.88. Solving for the iodine value decrease on the basis of the relative per- 
centages reacting through linolenic and (linolic and oleic) components we have 

0.89(57.88) + 011(28.94) = 54.7 

which is the theoretically calculated decrease in iodine value, based on the 
author’s postulates, on dimerization of a specific linseed oil corrected for reac- 
tivity by its linolic and oleic acid components. 

5. Correction for linolenic reacting component in theoretical decrease 
in iodine value of soybean oil on dimerization 

The correction for soybean oil was made on the same basis as for linseed oil 
with the exception that the only reacting minor fatty acid component to be 
corrected for is the two-double-bond reacting linolenic acid component. 

The results show that of the 64 molecules constituting a distribution analysis 

9.5 per cent will react on, the basis of the minor linolenic acid component, leaving 

90.5 per cent of the monomers to react through linolic and oleic acid components. 
Solving for the iodine value decrease on the basis of the relative percentages 
involved: 


0.905(28.94) + 0.095(57.88) = 31.7 

which is the theoretically calculated decrease in the iodine value, based on the 
author’s postulates, of a specific soybean oil upon dimerization, corrected for 
reactivity by its linolenic components. 

The excellent correspondence between the above theoretically calculated 
decreases in iodine value, namely, 54.7 and 31.7 for dimerized linseed and soy- 
bean oil, respectively, and the respective average experimental values of 55.8 
and 35.8 is of course of considerable interest. It represents a direct confirmation 
of the postulated requirements of two and one double bond per oil molecule for 
linolenic and linolic pol>Tnerization reactivity, respectively. 

The above comparative experimental reaction rates of the more unsaturated 
monomers in the two oils through their various stages of heat-polymerization 
up to and including that of gelation may be accounted for, and in fact predicted, 
as a consequence of the postulate given in the previous paper in this series (6). 
This states that on the basis of the cis-trans geometric isomerism for the major 
fatty acid components of the two oils, the reactivitj" of a linolenic component 
of the most probably reactive form is tuice that for the most probably 

reactive cis-tram or trans-cis forms of a linolic component. 

The above agreement, while pointing quite clearly to the essential correctness 
of the theory presented, must nevertheless not be taken as proof. The frac- 
tional separations of dimers from heat-polymerized pure linolenic triglyceride 
and pure linolic triglyceride will provide the required rigorous proof. Work on 
this specific problem is contemplated. 
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V. MOLECULAR SPECIES-WEIGHT PERCENTAGE DISTRIBUTION 

As previously stated, one of the objectives of this paper was to arrive at some 
basis for quantitatively determining not only the various monomer wei^t per- 
centage distributions as a means of following the course of the polymerization 
reaction, but the distribution of the specific pol 3 uners being formed as well. 
For the purposes of the present paper each of the above will to a certain extent 
be presented independently of the other, but where the general discussion neces- 
sitates their being considered together the term molecular spedes-weigfU per- 
centage distribution will be used instead. As a first approximation it is necessary 
to make the assumption that for a given molecular weight only two species are 
present in any single extracted fraction, — namely, the immediate lower and 
upper stepwise limits. The exceptions to this, of course, are the n-propyl alcohol 
extracted fractions, since in these the free fatty acids constitute a third species. 
Since correction for these has already been made, all fractions will be treated on 
the basis of the assumption of two molecular species. 

A. Basis for computing total molecular species-weight percentage distribution 
of heat-polymerized linseed and soybean oil samples 

Since several extractions were made with each of the alcohols used, it was 
necessary to summarize the entire content of monomers, dimers, trimers, etc. 
from the results of the individual extracted fractions in order to, arrive at the 
molecular species distribution present in the oil sample being fractionated. This 
was accomplished by multiplying the weight of each extracted fraction by its 
particular species percentage distribution, adding up all the individual species 
contributions, and specifying them as monomers, dimers, trimers, etc. This 
could not be done in the regular fractionation series for polymers higher than 
the dimer, because of the secondary gelation difficulty encoiuitcred, and it was 
therefore necessarj' to lump together the trimers and poljTuers higher than the 
trimers in evaluating the pol 5 Tner gro^vth for this scries. It should be stated, 
however, that in the cases where the secondary gelation was eliminated, fairly 
cianplete molecular species-percentage weight distributions were worked out. 
These are given in detail in tables 22 and 23. For the regular series of fractiona- 
tions, however, the total molecular species distributions are given in tables 24 
and 25 on the basis already mentioned. From the quantitative information so 
obtained considerable insight was had as to the changes occurring during the 
polymerization process, from its initial stage to the end gel product. 

It is interesting to note in general the main features of tables 24 and 25: the 
progressively decreasing weight percentages of monomers, the constancy of the 
weight percentages of dimers except for the marked decrease near the end of the 
reaction when gelation is imminent, and the progressive increase in weight per- 
centages of trimers and polymers higher than trimers for the two oils with in- 
creasing time of polymerization. This latter point is indicated in the values of 
16.3 and 5 per cent after 4 and 5 hr., respectively, at the reaction temperature 
for linseed and soybean oil in the order named, as against values of 43.7 per cent 
and 21.5 per cent after 8 hr. for each of the two oils. 
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TABLE 22 


MoleculdT species fractionation (4^0.), with homologous series of normal monohydtic alcohols, 
of linseed oil {76-g. sample 4- 0.1 per cent hydroquinone) heat-polymerized for 8 hr, 

at 307°C. 



FREF 

FATT\ 

ACIDS 








TJNPRAC- 

NOKMAL ALCOHOL 
KXTKACTIONS 

MONO- 

MER 

DIMERS 

TRIMFRS 

TETKA- 

MERS 

Pt NTA- 

mi:r$ 

HLXA- 

mers 

HEPTA- 

MERb 

TIONATED 
REMAINDER 
(by DIF- 










ference) 


grams 

grams 

grams 

grams 

grams 

grams 

grams 

grams 

grams 

PR-1 

1.79 

10.75 

0.21 







PR-2 

0.24 

4.00 

0.76 







PR-3 

0.08 

2.32 

0.60 







PR-4 

0.03 

1.64 

0.58 







BlT.l 


0.94 

l.Sl 







BXJ-2,. 


0.38 

1.37 







BIT -3. . 


0.19 

1.31 







BU-4.. . 



1.07 

0.18 






AM-1 


0.39 

2.36 







AM-2 . 



0.96 

0.79 






AM-3 



0.13 

2.12 






AM-4 




0.40 

0.60 





Ii-1 ' 

1 



■ 0 75 

: 1.50 ' 

1 

1 

1 



H-2 




' 0.68 

1.32 



1 


H-3 . . 

! 

i 


0.50 

1.00 





H-4 


i 



i 0 83 

0.42 




0-1 


! 


1 0.50 

! 2.00 





0-2 

i 



1 0.38 

0.87 





0-3 . 1 

1 

: i 




: 0.25 

0.50 


1 


0-4 

! 




; O.IS 

0.57 ; 




D-l . 

i 

i 



0.46 

2.29 i 




1) 2 . 


i 



0 56 

1.69 




D-3 ' 

f 

j 

i 




0.25 i 

1.25 



D-4 ... 

1 


1 



1 

1.00 

0.25 


DD-1 



! 


1 

1.25 

3.75 



r)D-2 . 

* 

i 


1 


0.81 j 

2.44 



DD-3 

1 

i 

! 

! 

j 

0.37 1 

1.13 



DD-4 1 

1 




1 


1.20 

0.30 

6.75 


Total weight i 

(grams) . . . j 

2.14 

20.61 

11.16 ' 

6.30 

9.57 

8.15 

10.77 

0.55 

6.75 

Total weight j 
(per cent) , . . i 

2.60 

27.1 

1 

1 14.6 

8.3 

1 12.6 

11.7 


0.7 

8.2 


B, Decreasing weight percentages of monomers as a function of time 
of polymerization 

At the start of the reaction one might expect the greatest decrease in mono- 
mers, since here there are present those units possessing the highest functionality 
and therefore the maximum reactivity. This is particularly noticeable in the 
case of linseed oil. For example, at the start of the reaction — that is, in the 
time interval of reaching the polymerization temperature of 307°C. — a decrease 
of 11.1 per cent by weight of monomers occurred in contrast to the average rate 
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oC decrease of only 3 per cent per hour after 10 hr. at the polymerization tem- 
perature. Soybean oil does not conform to this pattern at the start of the reac- 
tion, since even after 1 hr. there is practically no apparent change in the monomer 

TABLE 23 


Molecular species fractionation {4°C.), with homologom series of normal monohydrie alcohols, 
of so^fiean oil (7S-g. sample -f- O.t per cent hydroguinone) heat-polymerized for 17 hr. 

at S07’C. 


NOKlfAL ALCOHOL 
EXTBACTIOMS 

PIEE FATTY 
AQOS 

MONOBIES 

DXUZIS 

TBIHESS 

TETIAMEKS 

nWTAMEXS 

HEXAMEKS 

DNPEAC- 
TIONATEO 
XElfAtNDKt 
(by DXFrEl- 
emce) 


grams 

i 

grams i 

grams 

grams 

grams 

grams 

grams 

grams 

PR-1 

1.33 

7,75 

0.42 






PR-2 

0.19 

1.86 

0.70 






PR-3 

0.07 

1.50 

0.68 




! 


PR-4 

0.03 

1.07 

0.65 






BU-1 


1.39 

0.86 






BU-2 


0.48 

1.27 






BU-3 


0.37 

1.13 






BU-4 



0.78 

0.22 





AM-1 



0.98 

1.52 





AM-2 



1.34 

0.91 





AM-3 




0.09 

1.91 




AM-4 




1 

0.62 

0.38 



H-l 




2.00 

l.(K) 




H-2 



i 

0.50 

1.75 




H.3 




0,47 

0.78 




H-4 



j 

0.82 

0.43 




0-1 



j 

0.65 

2.60 




0-2 




1 2.02 

0.23 




0-3 




1 

1 1.00 

0.50 



0-4 





0.25 

0.75 



D-l 





1.00 

3.00 



D-2 


i 


1.65 

0.85 


! 


D-3 





0.50 

0.25 



D-4 






0.50 

0.50 


DD-1 





1.50 

4.50 



DD-2 





0.94 

2.81 



DD.3 






1.68 

0.82 


DD-4 






1.00 

0.60 

6.75 

Total weight 









(grama) 

1.62 

14.42 

8.81 1 

10.85 

15.36 

15.37 

1.82 

6.76 

Total weight 


1 







(per cent) — 

2.16 

19.50 1 

11.90 

14.60 

20.60 

20.60 

2.50 

9.14 


content. This is probably due to the presence of residual phosphatide which, 
as is well known, acts as a polymerization retardant. Since the next soybean 
(S sample taken was after 5 hr. had elapsed, nothing can be said as to the rate 
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TABLE 24 

Molecular species distribution of linseed oil heat-polymerized at S07^C, 


Fractionation at 26°C. with homologous series of normal monohydric alcohols 


TIME AT 307®C. 

FREE 

FATTY 

ACIDS 

UONOUESS 

DIMERS 

TRIMERS 
AND POLY- 
MERS OF 
TRIMERS 

INSOLUBLE 

CROSS- 

LINKED 

POLYMERS 

AVERAGE DE- 
CREASE OF 
MONOMERS 
PER HOUR 

TOTAL DECREASE OF 
MONOMERS 

hours 

weight per 
cent 

weight per 
cent 

weight per | weight per 
cent cent 

weight per 
cent 

weight per 
cent 

weight per cent 

0 (to wo... 

0.5 

88.9 

10.6 

0 

0 

11.1 

11.1 

1 

1.6 

79.0 

19.2 

0.2 

0 

9.9 

21.0 

2 

2.1 

72.9 

26 0 

0 

0 

6.1 

27.1 

4 

2 4 

54.9 

38.8 

26.4 

23.8 

16.3 

34.0 

0 

0 

9.0 

8.1 

45.1 

61.2 

6 

3.4 

7 

2.8 : 

1 20.6 

19,8 

47.8 

’ ^ 1 

4.0 

70.4 

8 

2.7 

i 28.2 

25.4 

43.7 

: 0 

1.4 

71.8 

9 

: 3.0 

1 25.8 

19.9 

51.3 

j 0 ' 

2.4 

74.2 

10. . 

i 2.6 

i 22.8 

25.4 

49.2 

0 i 

1 3.0 

77.2 

11 (gel)*. . . 

j 2.8 : 

23.7 

6.6 

36.9 

30.0 

1 -fO.O 

23.7 (remaining 


j 

j 

j 



1 

monomer) 


i 


1 

! 

66.9 

1 


Total 

95.9 


* The gel sample was fractionated at 4®C. 


TABLE 25 

Molecular species distribution of soybean oil heat-polymerized at S07°C. 
Fractionation at 26 ®C. with homologous series of normal monohydric alcohols 


TIME AT 3U7*C. 


FREE 

FMTV 

ACIDS 


lUONOMFKS ! DIMERS 

1 


-f- 


hours 

0 (to 307®C.). 

1 

5 

8 

12 

14 

16 

17 

18 (gel)* 


weight per 
cent 

0.5 

1.3 

2.6 

3.1 

3.1 
2.9 
2.5 

2.1 
2.2 


! TRIIITRS INStlLUBLE 1 AVERAGE DE- 
1 AND POL\ ; CROSS- } CREASE IN 
) M£RS OF j LINKED > MONOMERS 
; TRIMERS < POLYMERS | PER HOUR 




weight per | weight per j weight per : weight per ! 


cent 

99.5 

98.0 
73.9 

52.0 

35.0 
27.7 

21.6 

20.3 

23.3 


cent 

0,0 

0.7 

18.5 

23.5 
21.7 

21.6 
17,9 
16.4 
12,0 


cent 

0.0 

0.0 

5.0 

21.5 

40.0 
47.8 

58.0 
61.2 

45.5 


cent 

0.0 

0 

0 

0 

0 

0 

0 

0 

17.0 


62.5 


weight per 
cent 

0 

1.5 

6.0 

7.3 

4.3 
3.7 
3.0 

1.3 
-|-3.0 


Total. 


TOTAL DECREASE IN 
MONOMERS 


weight per cent 

0,5 

1.5 

24.1 

48.0 

65.0 

72.3 

78.4 
79.7 

23.3 (remaining 
monomer) 


103.0 


* The gel sample was fractionated at 4®C. in the presence of 0.1 per cent hydroquinone, 
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of decrease in the intervening time. At the 5-hr. reaction stage, however, the 
average weight percentage decrease is 6 per cent per hour. This then rises, 
following the pattern observed for linseed oil, to a maximum of 7.3 per cent after 
8 hr. of polymerization. From this point on the rate diminishes, reaching a 



Pig. 14. Percentage decrease in monomers on heat-polymerization of linseed and soybean 
oils at 307'C. 

minimum of 1.3 per cent after 17 hr., again conforming to the expected pattern. 
This information for the two oils is summarized in figure 14. 

It will be noted that instead of there being a still further slight decrease in the 
monmner content of the liquid fraction of the separated gels of the two oils, there 
is, on the contrary, an unexpected slight increase. This may be interpreted 
to mean that the adsorption of the monomers onto the higher polymers during 
the polymerization had not been entirely desorbed by fractionation with the 
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various extractants of the homologous series of normal alcohols, but that these 
were desorbed by the more powerful (lower polarity) petroleum ether used in 
the gel separation. 

One might be tempted in following the percentage decrease in monomers, to 
study the course of polymerization from a kinetic viewpoint and determine the 
order of the reaction. This has recently been done (2), but it is questionable 
whether the results are significant considering the heterogeneity of the system 
and the varjdng reaction rates of its component monomers. 

C . Rates of formation of dimers and higher polymers as a function 
of time of polymerization 

As has already been noted, the weight percentages of dimer for the two oils 
are fairly constant during the polymerization reaction. The rate of formation 
of the dimers is apparently equal to that of their disappearance. The disap- 

TABLE 26 


Decreasing rate of formation of trimers and polymers greater than trimers 


B£AT-POLYit£KlZED LINSEED OIL (307 *C.) j 

1 HEAT POLYMERIZED SOYBEAN OIL (307“C.) 

Hours at 307 “C. 

• Rate of formation in weight | 
1 per cent i>er hour ; 

Hours at 307‘*C. 

Rate of formation in weight 
per cent per hour 

6 

i 8.9 1 

8 

5.5 

8 

4.9 ; 

! 12 

4.9 

10 

' 2,8 i; 14 I 

3.9 


■ !i 16 

5.1 


. 1 

, 1 

: i 

3.2 


pearance of the dimers results, of course, in the progressive appearance of trimers 
and pohmers greater than trimers. Since the functionality of the entire system 
with respect to monomers, dimers, and trimers progressively decreases during 
the (‘ourse of the polymerization reaction, one would expect not only a lowered 
rate of decrease in monomers, but also a lowered rate of increase for the dimers 
and the higher polymers. The tendency in the case of the dimers cannot be noted 
because of the equilibrium conditions prevailing, but if the above anabasis is 
accurate, there should lx? an obsers^ablc decrease in the rate of formation of poly- 
mers higher than the dimers. Table 26 pi'esents data indicating this trend for 
the two oils. 

/>. Molecular specie^-iveight percentage distribution at get stage 

From tables 24 and 25 it may lx? seen that at the gelation stage for the two 
heat-polymerized oils, the pen^entages of monomers remaining are approximately 
equal, 23.7 per cent for linseed oil and 23.3 per cent for soybean oil. The per- 
centages of insoluble, infusible, cross-linked polymers are of course different for 
the two oils at their gel stage, these being 30 per cent and 17 per cent, respectively, 
or approximately in the ratio of two to one. This may be interpreted to mean 
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that the rate of formation of the highest linear or branched polymers jirst sub- 
sequent to the formation of the insoluble cross-linked polymer matrices is also 
different for the two oils. If it could therefore be established, as a first approxi- 
mation, that this inequality were also in the ratio of two to one, then the reason 
for the formation of 30 per cent and 17 per cent of insoluble cross-linked polymers 
for linseed and soybean oils at the gel stage would be established. 

If one takes from tables 24 and 25 the data for the percentages of trimers and 
polymers greater than trimers of the two oils at roughly comparable stages of 
polymerization, i.e., after 6 and 8 hr., respectively, the values for these are 34 
per cent and 21.5 per cent. Since up to this stage of the reaction the formation 
of the linear and branched trimers and polymers greater than trimers originated 
from the more highly unsaturated monomers, they would, of course, be the first 
to reach the required stage of growth from which the insoluble cross-linked gel 
matrix polymers would be formed. The weight percentages given above of 34 
per cent and 21.5 per cent, respectively, for the two oils are in fact approximately 
those for the subsequent formation of the insoluble cross-linked polymers. On 
the basis of this relationship, one may be permitted to use the corresponding 
rate of formation of these trimers and polymers greater than trimers at the 6- 
and 8-hr. reaction times for the two oils, which information is given in table 26. 
These values of 8.9 per cent and 5.5 per cent for linseed and soybean oils, respec- 
tively, are roughly in the ratio of two to one, if allowance is made for the linolenic 
component of the soybean oil. 

It is also of considerable interest to note the fact, as given in table 26, that the 
percentages of trimers and polymers greater than trimers in the liquid fraction 
of the gels of the two oils drops markedly from the values just previous to the 
occurrence of gelation. This is, of course, good experimental evidence for the 
formation of the insoluble, infusible, cross-linked polymers from these higher 
linear or branched polymers. 

SUMMARY AND CONCLUSIONS 

1. An experimental solvent-extraction technique based on the selective sol- 
vency of the members of the homologous series of normal monohydric alcohols 
has been developed for the fractionation of the heat-polymerized non-conjugated 
vegetable oils. 

2. An experimental solvent-extraction technique based on the desorbing action 
of hexane has been developed for the quantitative separation of the insoluble, 
infusible, cross-linked polymers present in heat-polymerized gels of the above 
oils. The liquid phase of these gels, after the above separation, can then be 
fractionated according to the technique referred to in 1. 

3. The presence of the successively forming higher polymers in these heat- 
polymerized oil systems has been experimentally demonstrated at all stages of 
the reaction. 

4. A theory to account for the operation of the above solvent-extraction 
technique has been presented. This is based on the relative polarities of the 
solvents and of the monomers and liquid polymers present. 
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5. The concepts of specific dielectric constant and specific refractive index 
have been introduced as a means of better characterizing the polarities of mem- 
bers of a homologous series. 

6. The cause of the anomalies in the determinations of molecular weight by 
the cryoscopic method and of the iodine value by the Wijs method has been 
related to non-ideality of the solutions resulting from insufficiently low polarity 
of the solvents used. 

7. The requirement of polymerization through two double bonds or one double 
bond for a reacting linolenic and linolic triglyceride component, respectively, 
per oil molecule, as previously postulated by the author, has been experimentally 
verified. 
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The reversible photobleaching of chlorophyll was discovered by Porret and 
Rabinowitch in 1937 (7). Its existence was confirmed and it was further studied 
by Livingston in 1941 (4). Since the experiments, both photometric and chem- 
ical, are difficult, both the earlier and the present researches are more or less 
exploratory in character. The present results, while confirming some of the 
earlier findings, necessitate some modification of the mechanism suggested 
previously (1, 4). 


EXPERIMENTAL METHODS AND MATERIAL 

The photometer 

The bleaching was measured with a differential photometer. It was so arranged 
that one of the absorption cells could be illuminated from the side, with a beam 
of intense light, without disturbing the photometric measurements. This appa- 
ratus is similar to but is an improvement on that described elsewhere by McBrady 
and Livingston (6). To attain the precision desired for the present work, it was 
found necessary to stabilize the mechanical system and to improve the amplifier.® 
Figure 1 is a circuit diagram of the amplifier. The apparatus is relatively free 
from drifts and fluctuations, and is capable of measuring relative changes of 
transmission of 0.01 per cent, reliably and reproducibly. The method of cali- 
brating the photometer was similar to that described by Livingston (4). 

The source of actinic light was a 1000-watt projection lamp, which was housed 
in a double-walled water-cooled cylindrical jacket (figure 2). The cooling water 
flowed between the glass walls of the window of the lamp house, and thereby re- 
moved much of the heat radiation from the light beam. A filter system, consist- 
ing of a cupric sulfate cell and a Corning glass filter No. 348, transmitted the red 
end of the spectrum but absorbed the blue and ultraviolet as well as the greater 
part of the infrared. A spherical condensing lens, followed by a cylindrical lens, 
served to concentrate the beam fairly" uniformly over the length of the reaction 
cell. The lamp was run on d.c., hand controlled to 8 amp. Alternating current 
could not be used, since the response of the photocell and amplifier to the fluctu- 
ating fluorescent light is not negligible. The use of the reduced voltage increased 
the life of the lamp, without greatly reducing the intensity of the red light. 

1 This work was made possible by the support of the Office of Naval Research (Contract 
N6ori-212, Task Order 1). It was also supported in part by a grant-in-aid from the Grad- 
uate School of the University of Minnesota. 

® Present address: Research Laboratories, Celanese Corporation of America, Summit, 
New Jersey. 

« We are indebted to Mr. George DeWitt of the Department of Physics of the University 
of Minnesota for valuable assistance in redesigning and testing this circuit. 
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The filter combination used on the scanning light (4) isolated a narrow band 
with its maximum at approximately 6550 A, 



Fici. 1. Diagram of the amplifier. The indicated resistances have the following values 
in megohms: 11,, 100; U,>, 100; Ra, 0.24; R 4 , 1.0; R 5 , 0.005; Re, 2.0; R 7 , 0.5; Re, 0.004; R,o, 
1.6; Rii,0.01; 11,2,0.5; R 13 , 0.0015; Rh, 0.001; Ri6,2.0. Rj is the gain control potentiometer, 
constructed of several wire-wound resistors. Its total resistance is 1.5 meigohms. Rjo is 
a 0.01 -megohm potentiometer, used to control the No. 2 grid of 954. Ri? is a 0.003-megohm 
Ayrton shunt, which regulates the input to the galvanometer. The indicated condensers 
have the following capacities in microfarads: C,, 0.0002; C2, 0.002; C3, 4.0; C4, 0.05; C5, 
0.002; Co, 4.0; C7,0.1; Cg,0.002; C«,4.0; Cio,5.0; C„,20; C,2,1.0; Cw, 1.0. L is a filter choke 
tuned by a suitable condenser for the 150-cycle signal. T is a coupling transformer, tuned 
for 150 cycles. Positive potentials are as indicated, —B being grounded. 



Fig. 2. Diagram of water-cooled lamp house for 1000-watt projection lamp 


MATERIALS 

The chlorophyll used in the majority of these experiments was isolated from 
market spinach by a modification (5) of Zscheile’s method (11), Most of the 
experiments were performed with solutions of pure chlorophyll a, which were 
checked (11) for pheophytin and chlorophyll b content with the Beckmann 
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spectrophotometer.^ A few experiments were performed with chlorophyll b solu- 
tions, which were prepared and checked by the same methods. For comparison 
with the earlier measurements (4) some measurements were made with an old 
solid sample (4) of a natural mixture of chlorophylls a and 6, 

The methanol was prepared by treating a sample of commercial sjmthetic 
methanol with a quantity of sodium which was estimated to be about three times 
as much as was required to react with the water present. It was then refluxed 
with dimethyl phthalate to remove the sodium hydroxide,® after which it was 
distilled through an efficient packed column. Two samples of carbon tetra- 
chloride were used. One was of reagent grade and was used without further 
purification. The other, originally of U.S.P. grade, was saturated with chlorine 
and*allowed to remain in the daylit laboratory for about 48 hr. It was then 
treated with an excess of potassium iodide solution. Finally, it was washed 
exhaustively, first with sodium thiosulfate solution and then with distilled water. 
It was dried over calcium chloride and distilled. • 

ENERGY MEASUREMENTS 

To determine the intensity of the light absorbed by the chlorophyll, the chloro- 
phyll-sensitized photooxidation of phenylhydrazine by methyl red (5) was used 
as an actinometer. The chief advantages of this actinometer are that it uses the 
same absorbing substance (chlorophyll) at the same concentrations as were used 
in the photobleaching experiments, and that no changes in the lens or filter system 
are necessary. It has the further advantage that the extent of the actinometric 
reaction can be readily measured with the Beckmann spectrophotometer. 
Measurements with this actinometer indicate that, when the full intensity of the 
actinic light was used and the solution was 2 X 10~® M in chlorophyll a, 2.3 X 
10^® quanta per cubic centimeter per second were absorbed. Under similar cir- 
cumstances, chlorophyll b absorbed 1.6 X 10^® quanta per cubic centimeter per 
second. 


EXPERIMENTAL RESULTS 

Figures 3 to 9 summarize the principal experimental results. With the excep- 
tion of figure 5, these plots illustrate the course of typical experiments. The 
duration of each experiment, in seconds, is plotted as abscissa, and the decrease 
in molarity of chlorophyll (AC) as ordinate. Except where otherwise indicated, 
the interval between measurements is 5 sec. The point at the end of each interval 
of illumination is indicated by an open circle; that following a dark interval, by a 
solid dot. In computing the decrease in molarity of chlorophyll, it was assumed 
(7) that the bleached form of chlorophyll does not absorb at all in the red end of 
the spectrum. If the bleaching reaction results only in a lowering of the average 
extinction coeflficient, d, for red light, the reported changes in the concentrations 
of chlorophyll are too small, but are directly proportional to the correct values, 

< This instrument was the property of the Bureau of Ordnance of the United States 
Navy and was kindly put at our disposal by Dr. Bryce L. Crawford. 

* We are indebted to Dr. R. Arnold of the Division of Organic Chemistry, who suggested 
this procedure and placed the distilling column at our disposal. 
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Figure 3 is a plot typical of the reversible bleaching which was observed in the 
present experiments when air-free methanol solutions of chlorophyll o or 5 were 
used. The outstanding characteristic of these results is the speed of the reverse 
process. In some experiments not shown in figure 3 it was observed that the 
steady-state bleaching was reached in less than 3 sec. (the period of the gal- 
vanometer) and that the solution returned to its original color too rapidly to be 
followed by our apparatus. By comparison with other results, it can be esti- 
mated that the half-life of the bleached chlorophyll in these methanol solutions 
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Fia. 3. Reversible photoblcaching: chlorophyll a (2 X 10~‘M) in methanol 

is less than 0.5 sec. Experiments in which the illumination was prolonged 
showed that the irreversible bleaching was less than 10 per cent of the reversible 
effect. The maximum bleaching obtained with these solutions varied with the 
samples of chlorophyll and of solvent used and with the previous treatment of 
the solution. Illumination of a solution, even in the absence of air, reduced its 
ability to undergo reversible bleaching, and this effect appeared to be greater 
than the concurrent irreversible bleaching. Using the full intensity of the actinic 
light and 2X10“* M solutions, the following range of reversible bleaching, ex- 
pressed as per cent reduction in the chlorophyll concentration, was obtained: 
chlorphyll o — 0.6 to 0.2 per cent; chlorophyll b — 1.5 to 0.4 per cent; solid chloro- 
phyll (a natural mixture of o and b containing about 30 per cent of pheophytin) — 
0.2 per cent. Air-free solutions of chlorophyll b appear to be more resistant to 
irreversible photobleaching than corresponding solutions of chlorophyll o. 
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Dissolved oxygen completely suppresses the reversible bleaching and some- 
what increases the irreversible bleaching. Figure 4 is a plot of the bleaching 
occurring in a methanol solution saturated with air. The rate of this irreversible 
bleaching is less than one-tenth of the rate of the reversible bleaching attained 
in the absence of oxygen but otherwise under the same conditions. It should 
be noted, however, that the rate of the irreversible bleaching is increased by 
five- or ten-fold by the addition of air. 



Fig. 4. Irreversible photobleaching. Experimental conditions similar to those repre- 
sented by figure 6, except that the solution was saturated with air. 

Figure 5 is a plot of the steady-state bleaching against the square root of the 
intensity of the actinic light. It is apparent that the steady-state (i.e., maxi- 
mum) bleaching is a linear function of the square root of the intensity. The 
fact that the straight lines do not pass through the origin is due to the bleaching 
produced by the scanning (i.e., analytical) light, which cannot be neglected in 
comparison to the actinic light of reduced intensity. This correction is dis- 
cussed quantitatively in the section on computations. 

The short life of the bleached form in ^'pure^* methanol solutions observed in 
the present experiments resembles the results obtained by Porret and 
Rabinowitch (7) rather than those obtained by Livingston (4). Since it was 
suspected that this short life might be caused by traces of peroxides present in 
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the ether which was used in the preparation of the chlorophyll, a sample of chloro- 
phyll was prepared by a modification of Zscheile’s (11) procedure, using carbon 
tetrachloride in place of the ether and the ether-ligroin mixture used in the 
standard procedure. The type of reversible bleaching obtained with a methanol 
solution of this sample of chlorophyll is illustrated by figure 6. The steady-state 
bleaching of this solution was about twfice as great as that observed with the 
standard solution, and its back-reaction was much slower. While this experi- 
ment was consistent with the peroxide explanation of the short life observed in 
the other solutions, this hypothesis was ruled out by the following facts: If a 



Fig. 5. The effect of the intensity of the absorbed light on the steady-state bleaching. 
Methanol solution. Abscissa: square root of the intensity in arbitrary units. Ordinate: 
decrease of chlorophyll concentration in arbitrary units. X, chlorophyll a; O, chloro- 
phyll b. 

quantity of ether was added to the solution which had been used for the experi- 
ment of figure 6, and then distilled off at low temperature, there was little or no 
change in the bleaching reaction, which still resembled that illustrated by figure 
6. Any peroxides present in the ether would very probably have been left 
behind in the methanol solution. How ever, if a relatively small amount of car- 
bon tetrachloride was added to a methanol solution of a standard preparation of 
chlorophyll, the bleaching of the resulting solution resembled that illustrated by 
figure 6, rather than that by figure 3. It must be concluded, therefore, that 
under the present experimental conditions the carbon tetrachloride or some im- 
purity present in it is responsible for the increased life of the bleached form. 

Experiments w^cre performed to determine the effect of temperature and of 
chlorophyll concentration upon reversible bleaching. Chlorophjdl prepared by 
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the modified (carbon tetrachloride) method was used in these experiments. 
The solvent used was methanol. Neither the extent of the steady-state bleaching 
nor the rate of the reverse reaction was detectably different at 7.S®C. from the 
results at 25°C. 

To determine whether the steady-state bleaching (AC) varied with the initial 
concentration of chlorophyll, experiments were performed with 1 X 10“* M and 
5 X 10~*Af solutions. The ratio of the corresponding values of AC is 3.0. Since 



Fiq. 6. Reversible photobleaching. Experimental conditions similar to those repre- 
sented by figure 3, except that the sample of chlorophyll was prepared by a modified method 
in which carbon tetrachloride was substituted for ether as an extracting agent. 

the path of the actinic light in the solution is short, the intensity of the absorbed 
light should be approximately proportional to the concentration of the chloro- 
phyll. The observed increase in AC can be attributed entirely to the increase 
in the intensity of the absorbed light. While no great precision can be claimed 
for the present measurements, they do show that the ratio, AC//i^, does 
not increase appreciably with the concentration of chlorophyll. 

A number of experiments were performed to determine if the presence of 
tMlded fflibstances changed the course of the bleaching. In methanol solutions, 
neither allylthiourea nor phenylhydranine, at the relatively high concentration 
of 0.10 M, had an appreciable effect upon the bleaching. It was previously 





Timt • Stc. 

Fig. 7. Reversible bleaching. Chlorophyll d (2 X M) in methanol to which^oxalic 
acid (IQr* M) had been added. 



Fig. 8. Reversible bleaching. Chlorophyll a (2 X 10”* M) in methanol to which iodine 
(10~» ilf) had been added. 
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shown (4) that hydroquinone and isoamylamine are equally without effect. 
Both Porret and Rabinowitch (7) and Livingston (4) reported that formic acid 
increases the bleaching. This result was not confirmed by the present experi- 
ments, in which it was found that 10~* M formic acid had only a slight effect upon 
the bleaching. This marked discrepancy suggests that the observed effect of 
formic acid was due to some impurity present in the samples used. In contrast, 
oxalic acid (10~^ M) increased the steady-state bleaching by about threefold and 



TicM - S«c. 

Fig. 9. Reversible bleaching: chlorophyll o (2 X 10“* M) in carbon tetrachloride 

the half-life of the bleached form by more than tenfold. Figure 7 shows the 
course of the bleaching in the presence of oxalic acid. 

The addition of allylthiourea to methanol solutions containing carbon tetra- 
chloride decreases the steady-state bleaching and shortens the half-life of the 
bleached form from 5 or 10 sec. to less than 0.5 sec. ; in other words, the allyl- 
thiourea neutralizes the effect of the carbon tetrachloride upon the methanol 
solution. These results strongly suggest that the effect of carbon tetrachloride 
is due to the presence in it of an oxidizing impurity. Since iodine had been 
present during the purification of the carbon tetrachloride, it was suspected that 
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this might be the active impurity. This was quickly verified. A methanol 
solution to which iodine (10~* M) had been added exhibited the photobleaching 
illustrated by figure 8. The addition of the iodine increased the steady-state 
bleaching from about 0.2 to 26 per cent and the half-life of the bleached form from 
less than 0.5 sec. to about 20 sec. In addition, the irreversible bleaching was 
completely suppressed. 

A number of experiments were performed with solutions in carbon tetra- 
chloride. A typical experiment is illustrated by figure 9. These reactions ex- 
hibit two new effects. The irreversible reaction is considerably increased, and 
the bleaching continues in the dark for a short time after the light is cut off. 
This after-bleaching amounts to about 20 per cent of the photobleaching occur- 
ring in a 5-sec. interval. It was never observed in methanol solutions or in 
mixtures of methanol and carbon tetrachloride. 

COMPUTATIONS 

In attempting a quantitative analysis of the steady-state bleaching, it is neces- 
sary to allow for the effect of the s(*anning light. While the incident intensity 
of the scanning light is much less than that of the actinic light, this difference is 
partially offset by the difference in the lengths of the absorption paths. A 
direct actinometric determination, using the* phenylhydrazine- methyl red 
reaction (5) sensitized by 2 X M chlorophyll a, gave a value for the ratio 
of the intensity of the absorbed scanning light to that of the actinic light of about 
0,012. When chlorophyll h was used, the ratio was about 0.017. 

"i'he ob.served bleaching, is the difference between the bleaching produced 
by the scanning and by the actinic lights. If the bleaching is proportional to 
the square root of the intensity of the absorbed light, we may w’rite:® 

A/> = A'(7„. + /..)'« - 7v7Vo* 

= A7Vo (1 + 7.e/7„.)*/** - A7V* 

or to a first approximation: 

M> = A(7Vo - 7Vc“) 

This approximate equat ion has been fitted to the empirical values of the bleach- 
ing, Ab, produced by actinic light of intensities (in arbitrary units) of 1.00, 0.41, 
and 0.17. 

Ab = 1.1G0(/Vc^ — 0.131) for chlorophyll a 

Ab = 1.273(/'^e - 0.222) for chlorophyll b 

The plots of these equations and the empirical points are shown in figure 5. 
The values for the ratios of the absorbed intensities of the scanning to those of 
the full actinic light, obtained from the preceding equations, are 0.017 for chloro- 

* This equation is only approximate, since the intensity of the scanning light diminishes 

rapidly as it passes through the cell. However, the present data scarcely justify a more 
exact analysis. 
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phyll a and 0.049 for chlorophyll b. These values are in reasonable agreemMit 
with those obtained actinometrieally, — 0.012 and 0.017, respectively. 

A determination of a quantum yield necessitates separate measurements of 
the number of molecules reacted and of the number of photons absorbed. For 
the present experiments, the number of photons absorbed can be obtained in 
each case from the actinometric measurements. When the rate of bleaching is 
constant (cf. figure 4) or when the initial rate of bleaching can be estimated ap- 
proximately (as in figure 8), the number of chlorophyll molecules reacting per 
second can be obtained from the slope of the bleaching curve. The quantum 
yield, ip, can also be computed for those cases where the rate of the (dark) reverse 
reaction can be measured. At the steady state, the following relation must hold 
if the back-reaction is second order: 

•pltht = fe(AC)* 

Similarly, when the reverse reaction is first order: 


The measured value for hba (in quanta per cubic centimeter per second) was 
about 2.3 X 10“ for chlorophyll a and 1.7 X 10“ for chlorophyll b. The cor- 
responding value for the quantum yield of the irreversible bleaching in the 
presence of oxygen (figure 4) is 4 X 10“®. For the reversible bleaching, the yields 
corresponding to figures 6, 7, and 8 may be estimated with some confidence. 
The reverse reaction in a solution containing oxalic acid (figure 7) is first order 
and has a rate constant of 0.28 sec.~*, which leads to a value <p = 7 X 10“*. 
In the experiment represented by figure 6, the reverse reaction is second order 
with a rate constant of 2.8 X 10^ liters per moles X seconds, corresponding to 
^ = 1.3 X 10“*. The reverse reaction for the experiments shown in figure 3 
must be at least twentyfold faster than in the preceding case (figure G), and 
therefore ^ 4 X 10“*. While the analysis of the data for the reaction occurring 
in the presence of iodine (figure 8) is not complete, an approximate value of 
sii 1 X 10“’ can be estimated from the initial slope of the bleaching curve. 
The initial slope of the bleaching curve for carbon tetrachloride solutions (figure 
9) is due to simultaneous, comparable, reversible and irreversible reactions, the 
yield for the combined process being 5 X 10“^. 

The outstanding characteristic of these values of the yield is their relative 
constancy. The extreme values for the quantum yields are 1.3 X 10“^ and 1 X 
10“*, while for the same systems the absolute rates of the reverse reactions differ 
by at least 200-fold. 


Discussicaj 

In general the present data support the mechanism proposed by Franck and 
Livingston (1); however, certain modifications and additions appear to be 
necessary. The following four steps presumably occur whenever dissolved 
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chlorophyll absorbs light. In concentrated solutions an additional step to ac- 
count for the self-quenching (10) of chlorophyll fluorescence must be introduced. 


GK + hv-^ GH* 

T'l = I 

(1) 

GH* -> GH + hvf 

Vi = fcs(GH*) 

(2) 

GH* ^ HG 

Fs = hiGR*) 

(3) 

HG GH 

= A:4(HG) 

(4) 


The special symbols used have the following significance: GH = normal chloro- 
phyll; GH* = electronically excited (singlet state) chlorophyll; IlG = long-lived 
activated chlorophyll (probably in a tautomeric triplet state); I = the intensity 
of the absorbed light in appropriate units; T', = the rate of the reaction step; 
and kt = the rate constant for the reaction step. 

The reversible bleaching in air-free solutions in “pure’’ solvents may be ac- 
counted for by either steps oA and GA or by 5H and GB. The simple dismutation 
reaction between HG and GH (Ij apparently is of negligible importance in the 
solutions which have been studied to date.^ Mechanism A is based upon the 
postulate that the chlorophyll tautomer, IlG, reacts with an oxidizing impurity, 
B (or a molecule of the solvent), to form the (bleached) radical, G: 

HG + B G + BH IV. = fc5.(HG)(B) (5A) 

G + BH GH -b B Tca = A‘6a(G)(BH) (6A) 

If the reduced radical, GHo, is the bleached form of chlorophjdl, the corresponding 
steps (mechanism B) are: 

HG -b BH GH 2 + B T“5b = A5B(nG)(BIl) (5B) 

GHs + B -- GH + BH = /;6 b(GHo)(B) (GB) 


Steps oA and GA are supported by the fact that the presence of high concentra- 
tions of such reactive reducing agents as hydroquinone, allylthiourea, or phenyl- 
hydrazine does not increase the steady-state bleaching. Either pair of steps leads 
to an equation for the steady-state bleaching of the following form, which is 
consistent with the experimental results: 



ks 

kz + /i8 


hix ) 

ki + kh{x) A’e. 


where /C6(x) represents A'6 a(B) for mechanism A and ks^iBTL) for mechanism B. 

The action of oxygen in inhibiting reversible bleaching requires that one or 
more steps be added to the mechanism. The reactions suggested by Franck 
and Livingston (1) can be modified slightly to be consistent with mechanism B. 

O 2 + GH 2 GH + HO 2 (7B) 

HO 2 + B BH -b O 2 (8B) 


’ Compare the discussions on page 1319 of reference 4 and pages 484-90 of reference 8. 
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This mechanism has the advantage of fitting directly into the HOs mechanism 
(9) for chlorophyll-sensitised photochemical reactions. It appears to be ener- 
getically possible, but perhaps not too probable. 

HG GH F 40 = A*4o(Os)(HG) (4C) 

Another possible action of oxygen is to catalyze step 4. The experimental 
results on the oxygen-inhibition of bleaching would be fitted by this postulate if 
the rate of step 4 were increased by at least 100-fold. When it is remembered 
that HG is very probably a triplet state of the chlorophyll molecule and that 
oxygen is paramagnetic, an effect of this magnitude seems reasonable. This 
assumption is compatible with either mechanism A or mechanism B. It is also 
consistent with the reported (3) quenching of chlorophyll phosphorescence. The 
mechanism is somewhat difficult to reconcile with the results on chlorophyll-sen- 
sitized photochemical autoxidations, since it leads to the prediction that rel- 
atively high concentrations of oxygen should retard the chemical reaction. 
While the available data on autoxidation are not sufficient to justify the rejection 
of step 4C", they certainly reduce the confidence which one might otherwise place 
in it.® 

A third possibility, which was suggested by Professor J. Franck,^ is that oxygen 
stabilizes the tautomer (HG) by forming a short-lived, reactive mole-oxide, 
HGO 2 . 


HG + O 2 HGO 2 

Ftd = A:to(02)(HG) 

(7D) 

HGO 2 GH + O 2 

T'sd = fc8D(HG02) 

(8D) 


Tliis mole-oxide mechanism for the inhibition of reversible bleaching is obviously 
inconsistent with the HO 2 mechanism for photooxidation. It faces the same 
difficulty in being reconciled to Gaffron^s mechanism (2) of photosensitization 
as does the step 4C mechanism. There is the possibility, however, that the mole- 
oxide itself reacts directly with the reducing agent and so initiates the rcacition. 
If this were tnie, it would be necessary for the mole-oxide to have a sufficiently 
short life to explain the inhibition of bleaching and a sufficiently long life to be 
consistent with the high quantum yield of photosensitized autoxidation. The 
first conditions places the upper limit of the life at sec., which is probably 
too short to be comparable with Gaffron’s (2) results, although this is not quite 
certain.^® 

^ A further weakness of this postulate is that it necessitates the assumption of a separate 
explanation for the quenching of fluorescence by oxygen. A consistent assumption would 
be that the oxygen catalyzes step 3 as well as step 4. 

* Private communication. 

Gaffron*s measurements (2) were made at relatively high concentrations of chlorophyll 
and exhibit a marked retardation of the oxidation by the sensitizer, which must be due to 
a competition between molecules of the substrate and of normal chlorophyll for some long- 
lived activated species. 

The view expressed by Rabinowitch (8, p. 518), that Gaffron’s data can be fitted by an 
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Of the several mechanisms for the effect of oxygen which are here discussed, 
the HO 2 mechanism (steps 7B and 8B) appears to be the most probable. How- 
ever, the evidence now available is not sufficient to permit the complete rejection 
of the other possibilities. 

Regardless of whether the mole-oxide explanation is correct, the following 
mechanism for the effect of iodine appears very reasonable.” 


HG + I. -> HGIj 

V, = h(h)(liG) 

(9) 

HGI 2 -> GH + I 2 

T'lo = /.io(HGI,) 

(10) 


These steps are consistent with the enhanced steady-state bleaching and with a 
first-order law for the reverse reaction. The necessary values kg and Ajo are 
entirely probable. It is an interesting consequence (as yet untested) of this 
mechanism that the iodine would be expected to increase the quantum yield of 
the bleaching as well as to reduce the rate of the reverse reaction. The magni- 
tude of the expected increase of the quantum yield will depend upon the relative 
values of /i6(B), /: 9 (l 2 ), and lu. A similar explanation for the effect upon the 
reversible bleaching of meth}'! red and of oxalic acid seems probable. 

SUMMARY 

Reversible photobleaching is observed in air-free solutions of chlorophyll in 
methanol and in several other organic solvents. The bleaching is completely 
inhibited by oxygen. The extent of the steady-state bleaching in ^‘pure'’ 
solvents is proportional to the scjuare root of the absorbed light. Both the ex- 
tent of the bleaching and the rate of the reverse (dark) reaction are practically 
independent of the temperature in the range 5-2o%', The rate of the reverse 
reaction is very sensit ive to the nature of the solvent and to traces of impurities. 
The bleaching is enhanced threefold by the addition of 10~‘^ M oxalic acid to 
methanol, and 100-fold by the addition of 10~® M iodine. Reducing agents 
(such as allylthiourea, phenylhydrazine, hydroquinone, etc.) have little or no 
effect upon the reaction. The reverse reaction is second order in respect to the 
concentration of the bleached material in pure solvents, but is first order in 
solutions containing oxalic acid and (probably) in those containing iodine. The 
quantum jdeld for the bleaching reaction is approximately 5 X 10~‘. This 
yield appears to be much less sensitive to the nature of the solvent and to the 
presence of impurities than is the rate of the reverse reaction. 


equation of the Stcrn^Volnier tj-pe with a correction for the chlorophyll effect, is incorrect. 
This view is apparently a consequence of his equation 18.32, in which the constants (0.004 
and 0.023) are too small by a factor of 10® if the concentrations are expressed in moles per 
liter, or of 10® if in millimoles per liter. If the correct factors are used, it is apparent that 
the constant term in the denominator is completely negligible and there is no resemblance 
to the Stern-Volmer relation. It is, of course, possible that the quantum yield might fol- 
low a Stern-Volmer relation at much lower concentrations of chlorophyll. 

Suggested by Professor James Franck in a private communication. 
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introduction 

Sodium desoxyribosenucleate (thymonucleate) is obtained from nucleopro- 
teins found in the nuclei of cells. It has been the subject of several investigations 
by physicochemical methods, the results of which indicate that no two prepara- 
tions are exactly alike. One of the first estimations of size was that of Signer, 
Caspersson, and Hammarsten (15), vrho assigned to the polymer a length of 
6()(X) A., a cross-sectional diameter of 20 A., and a molecular weight of 1 ,(K)0,000. 
This gave an axial ratio of 300:1, which was consistent with a rod-shaped struc- 
ture. Later investigations have verified the conclusions of Signer, Caspersson, 
and Hammarst/en as to the order of magnitude of dimensions. 

Little attention has been given to the question of the polydispersity distribu- 
tion of nucleate. From recent work (16) on tobacco mosaic virus it appears that 
a fresh monodisperse preparation in the course of a few days’ standing becomes 
polydisperse. It seems clear that, if a choice has to be made between a mono- 
disperse unstable polymer and a polydisperse substance which has reached a 
stable equilibrium under the conditions in which a given experiment is performed, 
the stable preparation would be preferable, particularly for diffusion studies in 
which the duration of the experiment is at least a week. 

In the present investigation the diffusion and sedimentation constants were 
measured at different concentrations and extrapolated to infinite dilution; by 
combination of these values with the partial specific volume the molecular weight 
and shape factors were obtained. 
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PARTIAL SPECIFIC VOLUME 

The following values for partial specific volume have been reported: Schmidt, 
Pickels, and Levene (14), 0.465; Hammarsten (8), 0.52; Tennent and Vilbrandt 
(17), 0.55; Astbury and Bell (1), 0.61; Greenstein and Jenrette (7), 0.62; and 
Wissler (20), 0.66. It was decided to use the value of Tennent and Vilbrandt, 
V = 0.55, since a determination upon a sample of vacuum-dried material 
gave a value of 0.54. The large variation in these values may be caused by the 
diflSculty in measuring the concentration, owing to different degrees of desicca- 
tion of the solid material used by the several investigators. 

Tennent and Vilbrandt also found that the refractive index of a nucleate solu- 
tion was proportional to the concentration, the refraction increment for a 1 per 
cent solution being 0.0016 at 25°C. The sodium thymonucleate used in the 
present study was the best of four preparations — as judged by viscosity, stream- 
ing birefringence, and absence of proteins — ^made by Greenstein and Jenrette 
(their preparation # 2), by the method of Hammarsten-Bangs, and used in their 
study of structural viscosity and streaming birefringence (7). 

DIFFUSION 

Prior to diffusion, the material was dialyzed at low temperatures for 5 days, 
using a motor-driven, slow-rocking device. Two days’ dialysis under static 
conditions was found to be insufficient to attain complete equilibrium between 
nucleate solution and solvent. A long time of dialysis has the additional ad- 
vantage of ensuring a more stable equilibrium of the polymer frequency dis- 
tribution. The 20®C. runs were made with a drop of J,oluene added to 2 liters of 
the buffer to suppress bacterial growth. After dialysis, the material was centri- 
fuged for i hr. at 20,000 g in order to remove fine air bubbles and to throw down 
any insoluble material. Nucleate is less soluble as the salt strength increases. 
The concentrations were obtained from the areas of the diffusion curves. 

The diffusion cell was similar to that described by Neurath (12). The scale 
method of Lamm (10) and the scanning method of Longsworth (11) were used 
interchangeably. The cell was mounted in a large water bath, the temperature 
regulation being constant to 0.01 ®C. Some diffusion runs were made at 5®C. 
and some at 20°C., the lowest concentrations being run at 5°C. The values were 
corrected to standard conditions, 20®C., by the usual reduction factors (19). 

The diffusion curves of nucleate deviate from the normal curve which would 
be obtained for an ideally diffusing substance in two respects: (1) the devia- 
tion is characterized by a higher than normal peak, which indicates polydispersity 
of the nucleate (10); (£) skewness of the curves indicates that the diffusion is a 
function of the concentration. In figures 1 and 2 there are shown in normal 
coordinates curves for 0.9 per cent nucleate in neutral buffer, and for 0.2 per cent 
nucleate in 3 N potassium chloride solution, compared with the ideal normal 
distribution. 

In such a situation the most reliable method of getting the diffusion constant 
is by the moment method of Lamm (10), DMomeat = crVZT, where a is the stand- 
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-3 -2 H 0 J 2 3 4 

Fig. 1. Diffusion of 0.9 per cent nucleate in buffer (0.3 m) at 20®C. in normal coordinates 
(O). Ideal normal curve (•). Buffer composition: 0.031 m disodium hydrogen phos- 
phate, 0.006 m potassium dihydrogen phosphate, 0.2 N sodium chloride; pH 7.4. 



Fig. 2. Diffusion of 0.2 per cent nucleate in 3 iV* potassium chloride at 5®C. in normal 
coordinates (O). Normal curve (•). 
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TABLE 1 

DiffiuBion of nucleate in buffer 04 m phoephatej 0.2 u in NaCl, pH =» 74, S N KCl, and water 
Composition of buffer: 0.031 m Na2HP04, 0.006 m KH 2 PO 4 . The Dm values correspond 

to concentrations, Cm- 


SOLVENT 

BATH TEMPEKATUBE 

CONCENTBATION OF 
NUCLEATE (2 C^) 

D„xio^ 


•c. 

per cent 


Buffer 

20 

0.90 

1.10 


20 

0.50 

0.815 


20 

0.38 

0.75 


5 

0.40 

0.705 


5 

0.16 

0.52 


5 

0.05 

0.46 

ZNKCl i 

5 

0.20 

0.455 

Water 

5 

0.20 

(8.0) 



Fig. 3. Diffusion of nucleate in different solvents. Curve I: separate determinations of 
Dm for each concentration (cm) of nucleate in buffer-salt (0.3 m)- Experiments at 20®C. 
(0)j experiments at 5°C. (•). Curve II: estimated Dm lioe from Boltzmann *s equation; 
0.2 per cent nucleate in 3 iV potassium chloride (see figure 5). Curve III: estimated trend 
of Dm line from Boltzmann's equation; 0.2 per cent nucleate in water (see figure 6). 




680 


HERBSBT KAjatLEB 


ard deviation of the curve and T is the time since diffusicm started. Z)Mam»t 
equals the weight-average diffusion constant, (6). In our runs a plot of 
<T^ against 2T gave a straight line passing through the origin, which indicates 
that there was not much change in the material during the experiment, since the 
slope of the line gives a constant Dy. 

A series of diffusion experiments was run with different concentrations of nu- 
cleate in phosphate buffer of pH 7.4 plus sodium chloride, the ionic strength 
being 0.3 (table 1). A line through the points cuts the D axis at 0.45 X 10"^ 
(figure 3). The points for 5®C. fall slightly below the 20°C. points. The equa- 
tion of this line is 

D — Do(l 4“ fcz)c) 

where c is the total concentration, or 

Dm = Do(l + UmCm) = Dod + kMc/2) (1) 

where Cu = c/2, the mean concentration. 

The relation between the slopes of the components in a polydisperse distribu- 
tion and the slope of the weight-average diffusion from equation 1 has never been 
formulated. In the general case in which no restriction is put on variation in 
polydispersity with concentration, Jullander (9), in order to get a linear de- 
pendence of diffusion on total concentration, had to assume that polymers of 
different length all had the same ko', this is contrary to the experimental evidence, 
as he pointed out {viz., longer particles have larger ko values). This difficulty 
can be avoided in the following manner. For the t*** component where 
is the mean diffusion coefficient taken at the concentration Ci/2 and (£>o)< is 
the extrapolated value at infinite dilution 

{Dm)* = {Do)i{l 4- kiCi/2) = {Do)i{l + kiCri/2) 

where c,/c = r,-, the relative weight for constant polydispersity. When the 
t* component is a member of the polydisperse system of n components, its in- 
dependent diffusion is altered by the interaction with it of the remaining (n — 1) 
components. Its diffusion is now represented by 

{Dm)* = {D^*{I -h j*kiCri/2) 

where j* is the interaction coefficient, a constant for a fixed distribution of the r's 
and having the value unity for independent diffusion. Multiplying by r< and 
summing: 

S(Djf),r< = S(I>o),r<(/ + jihirtc/2) (2) 

By definition 

Dm = S(I>jr),r< and Do =* S(Do).r. (3) 

Substituting equation 3 in equation 2 gives 

Dm = Do + S(Do)<j<ife<r<c/2 (4) 

which is a linear equation of the form: 

Dm “ Do(/ 4" ktfil2) 


( 1 ) 
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Were there a change in polymer length with concentration, say L increases 
with c, a linear increasing relation between D and c no longer would exist. Here 
dD/dc = dD/dL*dL/dc. dD/dL for low concentratioas is negative, and in 
the assumed example dL/dc is positive, from which it follows that the diffusion 
would decrease with increasing concentration for low concentrations. Such a 
possibility is not confirmed by the data available. 

To conserve material, in the case of diffusion in solvents of water and 3 N 
potassium chloride, the method of Boltzmann (2) was used in order to determine 



Fig. 4. Boltzmann’s curve and estimated line for 0.9 per cent nucleate in buffer-salt 
(compare with figure 3). 

the change of diffusion with concentration from a single experiment. Boltz- 
mann’s equation is 

Db = {l/2yt) J yxdx (5) 

where Db is the diffusion constant for any point of the curve corresponding to 
the concentration at that point, y is the ordinate, x the distance to the original 
starting position, and t is the time. Gralen (6) showed that the mean value of 
Db — Dm- The shape of the Boltzmann curve is determined by both the poly- 
dispersity variation and the concentration dependence of diffusion. The values 
of Db superpose upon the line of Dm values for a monodisperse material showing 
concentration dependence. In the cases where the material is also polydisperse, 
the Boltzmann curve has the form shown in figures 4, 5, and 6, which deviates 
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from the Dm line. The non-linear character of the D* relation ia an index 
of polydispersity variation in going from the bottom of the cell or hi^-concen- 
tration region to the top of the cell or low-concentraticm r^on. As the lowest 
eoncentrations are approached, the smallest or most rapidly moving particles 
separate from the larger particles. Hence the Boltzmann function, as the ccm- 
centration approaches zero, will extrapolate to a value which is the diffusion 



Fio. 5. Boltzmann’s curve for 0.2 per cent nueleate in 3 JV potassium chloride 



Fig. 6. Boltzmann’s curve for 0.2 per cent nucleate in water 

constant for the smallest particles. However, these extrapolated values are 
of low accuracy, since the experimental errors for concentrations below 0.02 per 
cent are very large. 

At two positions in the boundary (where the Da curve intersects the Dm 
line) the polydispersity distribution in the cell is the same as the distribution of 
the material before separation by diffusion has taken place (figures 4, 5, and 6). 
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The derivative at the maximum of Boltzmann^s equation (5), where dy/dx = 
0 is 

dDn/dx = —X/2t or dDs/dc == — X/2<(dc/dr)max. 

where X is the distance from the starting boundary to the mode, usually a nega- 
tive number, giving: 

-X - 2t{dc/dx)nmxr{dDB/dc) ( 6 ) 

Gralen (6) made the assumption that dDs/dc in the region of the maximum is 
equal to the slope of the weight-average line, and is therefore constant with re- 



.oiVT 

Fig. 7. Shift of the mode (in millimeters) of the diffusion curve for 0.9 per cent nucleate 
in buffer (0.3 n);iiii seconds, 

spect to both time and concentration.^ For successive photographs of a nor- 
mally diffusing material dc/dx = (10), which is a first approximation for 

concentration-dependent diffusion. Substituting in equation 6 gives — Z = 

1 Gralen (6) assumed that (dD/i/dc)®®*. is equal to the slope of the weight -average 
line Du} a constant. This gives 

- -xmdc/dx) 
c/J 

from which Z?o * Hj# (X74t)(c/dc/da;), which is equivalent to Dm (XWA/Ht 
where A is the area of the curve and H is the height. Gralen and Jullander used this equa- 
tion to determine £>o. 
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k^. This was tested in the experiment with 0.9 per cent nucleate in buffer-salt, 
with the result shown in figure 7. 

For photographs taken at the same time interval or when reduced to normal 
coordinates, which eliminates the time, 

-X = Ktidc/dx) 

the shift of the mode increases with concentration gradient (c/. Gralen’s figure 

20 .( 6 )). 

In diffusion experiments with 3 N potassium chloride as solvent the concen- 
tration gradient diagram is still skewed, showing that high concentrations of 
monovalent salt do not entirely eliminate the concentraticm dependence of dif- 
fusion. However, the value of ko is less than for the weaker buffer-salt solvents. 
The Boltzmann calculation of Ds as a function of c gave the result shown in figure 
5 with an estimated extrapolated value of Do = 4.1 X 10”*. In this experi- 
ment, where the symmetry is higher than for the buffer solvents, the error in 
extrapolating to Do by Gralen’s equation* is probably not large. 

When water was used as a solvent, the concentration dependence of diffusion 
rose sharply, with a great increase in skewness and sharpness of the peak of the 
experimental curve. The value of Djf increased to 8.0 X 10”^ (figure 6). The 
slope of the curve was so great that an accurate extrapolation to (Dir)o could not 
be estimated. The high extrapolated (Dji)o value, 2 X 10”^, indicates that 
charge effects still operate at infinite dilution. 

Poison (13) has recently published a theory of the concentration effect in dif- 
fusion. It is pertinent to note that the rotary diffusion constant decreases with 
increasing ccmcentration (20), a result which would be expected from Poison’s 
theoiy, since rotational motion of the colloid is converted into translational 
motion at collision. 

SEDIMENTATION-VELOCITY MEASUREMENTS 

Sedimentation-velocity determinations were made using an air-driven ultra- 
centrifuge (Beams-Linke) and an optical rotor of the Svedberg-Bauer-Pickels 
type. The jacket of the ultracentrifuge was provided with a water coil through 
which water at a constant temperature, usually 20°C., from a thermostat was 
recirculated by a pump. The rotor was spun in a hydrogen atmosphere of 1 cm. 
pressure. Cells of thickness from 3 to 12 mm. were used. The optical system 
was of the Thovert-Svensson (18) type. After a few runs were made, it was 
evident that the bands were so sharp that high speeds were unnecessary, 600 
R.P.S. being most satisfactory. The nucleate was made up in several solvents: 
(a) in distilled water; x-ray diffraction oi the diy nucleate showed the presence 
of a small amount of sodium chloride so that the Elution is to be considered as 
ccmtaining a trace of salt; (&) in neutral phosphate buffer plus sodium chloride, 
total ionic strength 0.3; (c) in 3.0 N potassium chloride; (^ in 0.09 M calcium 
chloride. The concentration (c^) of the nucleate was corrected for the dilution 
factor in the ultracentrifuge cell due to its sectorial shape. This factor is (xb/x)*, 
wh^re Xo is the distance from rotor axis to the meniscus and x is the distance from 
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the axis to the boundary. The sedimentation constant was tabulated against 
the mean concentration in the cell when corrected in this manner. The deter- 
mination of concentration by different workers may be expected to vary by the 
same amount as in the determination of partial specific volumes. This sug- 
gests that assumed concentrations are relative rather than absolute. For- 
tunately, in sedimentation and diffusion extrapolations to infinite dilution, the 
functions used are linear relations of the concentration. Under these cir- 
cumstances the extrapolated value depends only on relative concentrations. 
On the other hand, the viscosity method for the determination of molecular 
shapes depends on absolute concentrations. 

The shape of the sedimentation boundaries was essentially that of a sharp 
spike, with only slight asymmetry. Under these circumstances the only pos- 
sibility in measuring sedimentation velocities was to measure the position of the 
maximum of the band. As shown by Gralen (6) and Jullander (9), this will give 
a sedimentation average value which does not differ much from the weight- 
average value. This procedure obviously could not be used in diffusion, where 
the asymmetry is relatively large. 

No evidence of orientation of the particles during centrifugation could be found 
with polarized light, a result w’hich agrees w ith conclusions from other investi- 
gations. 

Despite the difference in frictional coefficient of a long asymmetric particle in 
moving with long axis parallel to and transverse to the rotor radius (5), single 
sharp bands result from the fact that every particle will have the same probabil- 
ity of going through all possible orientations; hence all the particles of similar 
size sediment alike. 

The sediment ation-velocity measurements are shown in table 2, all corrections 
for viscosity of solvent, density, and temperature having been made according 
to Svedberg. The reciprocal velocity when plotted against corrected con- 
centration gives a linear relation for concentrations below 0.5 per cent nucleate 
in the buffer~salt solvent (figure 8). The values of 1/s for concentrations above 
0.5 per cent show a marked deviation from the straight-line relationship, the 
change of sedimentation velocity wdth concentration leveling off. This seems to 
be a general characteristic of long polymers. 

An alternative method of plotting, due to Burgers (3) and Gralen, is to plot s 
(the sedimentation velocity in Svedbei^ units) against sc on the assumption that 
the data fulfill the equation 5 = 5o/(l + Ar'c). When c — > 0, 5 extrapolates 
linearly to «o. The extrapolated velocity by both methods gives so = 12.5 S. 

Three sedimentation runs w^ere made writh a 0.3 per cent solution of nucleate 
in 3 iV potassium chloride, giving a corrected sedimentation velocity of 7.33 S, 
using the same partial volume of 0.55. The viscosities were taken from Taylor 
and Rankin (Landolt-Bomstein tables). These values are similar to those ob- 
tained with the phosphate buffer-salt solution for the same concentration of 
nucleate. This indicates that the sedimentation velocit}^ is not greatly affected 
on increasing the salt strength above the value normally used to suppress the 
primary electrical charge effect. Signer (15) found a similar relation in viscosity 
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at very low velocity gradients. Nucleate in a 5 per cent salt solution gave the 
same viscosity as in a 1 per cent salt soluticox. This is in marked contrast to the 
results (m viscosity at high velocity gradients (7). 

TABLE 2 


Sedimentation (in Svedbergs) of nticleate in buffer (pH 74t 0.3 ^), CaCl«, KCl, and water 
Composition of buffer: 0.031 m NftjHPOi, 0.006 m KH2PO4, 0.2 N NaCl 


SOLVENT 

CONCENTltATION OF 
NUCLEATE 

S 

lOO/S 

j 

Buffer 

per eemt 

0.86 

3.80 

26.3 


0.455 

5.06 

19.8 


0.23 

7.55 

13.2 


0,18 

7.60 

13.16 


0.126 

8.47 

11.81 


0.108 

8.80 

11.36 


0.086 

10.25 

9.76 


0.041 

10.80 

9.26 


0.0233 

12.61 

7.93 


0.022 

12.84 

7.79 

0.09 M CaCl, 

0.20 

11.5 

8.70 

3 N KCl 

0.273 

7.33 

13.64 

Water 

0.196 

1.92 

52.0 



Fio. 8. 100 X reciprocal of sedimentation velocity (Svedberg units) against conoentra* 
tion in per cent. 

The sedimentation of 0.25 per cent nucleate in a 0.09 M calcium chloride solu- 
ti<Hi gave the high velocity of 11.5 S, This is similar to the finding of Carter (4) 
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on the sedimentation of nucleohistone in 2 per cent calcium chloride, in which 
the concentration dependence of sedimentation was nearly suppressed. In 
the presence of calcium chloride these materials sediment in a more nearly 
ideal manner. According to Hammarsten (8), nucleate viscosity determined at 
high gradients drops shaiply in the presence of polyvalent cations. 

The sedimentation velocity of nucleate 0.2 per cent in water was found to be 
1.9 S. This is about one fourth the velocity in the neutral phosphate buffer- 
sodium chloride solution. A part of this retardation is brought about by the 
back electrical field dJS/d:r, caused by the slower sedimentation tendency of the 
positive sodium with respect to the negative nucleate ions. 

The two forms of the sedimentation equation for independently sedimenting 
components 

St = (so)i/(l + kiCt) and \/s, - l/(so)t = he, (8') 

are equivalent, the constants for the two forms being related by l/, = ki(so)„ 
The second form is convenient for showing the relation between the sedimenta- 
tion for the component and the sedimentation of the weight average taken 
over all components. In the case of a polydisperse system we again introduce 
the j factor to allow for the fact that the contribution of each component to the 
sedimentation of the whole system will be modified by interaction between 
components. Equation 8' then becomes 

1/,^, - l/iso)i = j^hc, (8") 

From equation 8" 

1 / ~ 

for constant polydispersity. Summing 

-(r,/s. — r,/(so),) = ^j,k,r\c 

where 2r,/s, equals the weight average of reciprcM*al sedimentation velocity at 
concentration c and ^r,/{so), is the weight-average sedimentation constant at 
infinite dilution. From which 

1/s — 1/so = A-,c (8) 

The relation between 1/s and c for a system of constant polydispersity will be 
linear, if the components i have a linear relationship between 1/s, and c,. 

Molecular weigfd and shape 

Fjxtrapolated values to infinite dilution having been obtained for so and Do, 
the molecular weight may be obtained from the relation 

M = RTso/Doil - Vp) 

using the values Do = 0.45 X lO”*^; V = 0.55; p = 1.015; and so = 12.5 Sved- 
bei^ = 12.5 X 10"** C.G.S. This gives 1,500,000 for M. From these values 
the frictional ratio ///o is calculated as 6.82, from which a/b is 284, o is 5226 .4., 
and b — 18.4 A. 
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Wissler (20), by combining rotary diffuraon with viscosity measurements, ob- 
tained a weight of 1,250,000 for nucleate. According to Jullander’s (9) results 
with nitrocellulose, the molecular weights obtained by combining sedimentati<Mi 
and diffusion are higher than those obtained utilizing viscosity measurements. 

N-udeoUskm 

It appears likely that since nucleohistone (4) is a rod-shaped particle, its dif- 
fusion characteristics will have some features in commcm with nucleate and the 
cellulose derivatives. Before its size determination can be considered as satis- 
factory, it will be necessary to establish its diffusion-concentration relation. 
With a known chemical analysis of nucleohistone there should be agreement 
between the molecular weight of the nucleate determined directly and as deter- 
mined from the molecular weight of nucleohistone, for a stable monodisperse 
material. However, exact agreement can hardly be expected between the 
chemically prepared highly disperse nucleate and the combined form in which 
nothing is known concerning the frequency with which histone combines with 
different size nucleates. From Carter’s (4) investigation it may be concluded 
that the molecular weight of nucleate combined with histone is somewhat over 
1 , 100 , 000 . 


SUMMARY 

The diffusion constant increases with concentration according to the relation 

D — J5o(l ”1“ 

In strong salt solution the value of ko decreases. The Boltzmann equation is 
used to determine the trend of the diffusion constant with concentration and to 
estimate the diffusion for the smallest particles. It is shown that the distance 
of the mode from the starting point increases (negatively) approximately as 
It is shown that for a polydisperse system, if all components have a linear 
concentration dependence and the system has a constant polydispersity, the 
weight-average diffusion over all components is also linear. 

The sedimentation is described by 1/s — 1/so == A:,c, the plot of 1/s against c 
giving a straight line, extrapolating to 1/sa. Sedimentation in the presence of 
3 N potassium chloride gives a slightly higher velocity, and 0.09 M calcium 
chloride gives a velocity approaching the velocity for infinite dilution. The 
sedimentation in water at 0.2 per cent nucleate concentration is about one-fourth 
the value in buffer. 

It is shown that with constant polydispersity a linear relation between l/s( 
and Ci leads to a linear relation for the weight-average reciprocal sedimentation 
constant. The molecular weight and shape factors were obtained. The rela- 
tion between the molecular weights of nucleate and nucleohistone is discussed. 

The writer is indebted to Dr. J. P. Greenstein for the sample of sodium nucleate 
used, and to Mr. J. Richey, Mr. H. Sipes, and Mrs. E. Wiley for assistance 
durizig the course of the work. 
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POLYAMIDE ANTIFOAMS. I 

Relation Between Chemical Constitution and Effecttiveness 
ARTHUR L. JACOBY 

National Aluminate Corporation y Chicago y Illinois 
Received July B4t 1^4?' 

Recent research in the problem of foaming in steam boilers has resulted in 
the development of several types of new chemical compounds possessing unusual 
merit as antifoams. A large group of such compounds (2, 3, 4, 5) are broadly 
classed as polyamides. In testing a large number of polyamides as possible 
boiler antifoams, several interesting relationships were found to exist between 
chemical constitution and antifoam activity. These relationships are significant 
when examined in the light of a recently proposed theory of antifoam action 
(6), and tend further to support this theory. 

use of antifoams 

While proper water treatment for softening, clarification, coagulation, and 
scale-prevention will do much to improve foaming conditions in boiler waters, 
the benefits of such treatment can frequently be greatly extended by the addi- 
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tional use of an antifoam agent. In the past many substances have been claimed 
to exert an antifoaming effect in steam boilers and a few, notably castor oil, 
have been rather widely used. These earlier materials have suffered, however, 
from several disadvantages, the greatest being their instability under the condi- 
tions of alkalinity and temperature encountered in the boiler and their relatively 
low order of effectiveness. The use of certain polyamides as antifoams has re- 
sulted in the solution of many difficult foaming problems and has permitted 
the concentration of permissible dissolved solids in the boiler water to be in- 
creased two- to five-fold, and even more. Such results were unknown with castor 
oil. Moreover, these polyamide antifoams are effective in extremely low dosages, 
sometimes of only a few parts per million, or less, in the feed water. 

LABORATORY TESTING 

The studies reported here were undertaken as a part of a program of investi- 
gating the fundamental chemical and physical factors affecting the efficiency 
of boiler antifoams. The method employed for evaluating the compounds as 
antifoams has been described elsewhere (6). For the tests reported herein, a 
feed water was used having the following composition: 


Calcium hardness (as CaCOg) 9.0 grains/gallon 

Magnesium hardness (as CaCOg) 9.0 grains/gallon 

Alkalinity (methyl orange) (as CaCOi) 42.5 grains/gallon 

Sodium chloride (as NaCl) 5.0 grains/gallon 

Sodium sulfate (as Na 2 S 04 ) . ... 42.0 grains/gallon 

Tannin extract, dry 2.0 grains/gallon 


The material to be tested as an antifoam was added as a solution in dioxane 
of 1.0 mg. of the material per 1.0 ml. of solution. To each 5 gallons of the 
feed water was added 4.9 ml. of the dioxane solution, resulting in a concentra- 
tion of antifoam in the feed water of 0.256 p.p.m. (0.015 grain/gallon). 

Tests upon the same antifoam by the above pnxjedure are reproducible within 
a range of approximately ±25 grains/gallon dissolved solids in the boiler water 
at the time of carryover, when working in the range reported. 

PREPARATION OP COMPOUNDS 

Since most of the compounds tested and discussed have not previously been 
described in the literature, tlieir preparation and properties are briefly given 
below (see table 1). 

Diacylaied piperazines: In each case, the diacylated piperazine was prepared 
by mixing together one molecular portion of piperazine or its hexahydrate and 
two molecular portions of the appropriate fatty acid in a 50-mL flask. The 
flask was heated in an oil bath and the mixture stirred at a temperature slightly 
above 100®C, until any tendency for frothing had disappeared, after which it 
was stirred for 3 hr. at a bath temperature of 150-160®C. The product, which 
was generally of the nature of a waxy substance, was then recrystallized, usually 
from methanol or acetone. 

N-^atadecykriicamide: This compound was made in an analogous manner 
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from theoretical pi’oporiions of eiiieic acid and M-octadecylamine and was re- 
crystallized from a mixture of equal volumes of acetone and low-boiling petro- 
leum ether. Melting point, TOT. Calculated for C40H79ON: N = 2.38 per 
cent; found, X = 2.36 and 2.38 per cent. 

N ,N'-Dihexadecylsuccmamidv: To 48.2 g. (0.20 mole) of stirred, molten n- 
hexadecylamine at 90-100°C. was added 7.75 g. (0.05 mole) of succinyl chloride 
fairly rapidlj". The temperature was then brought up to 150T. over a period 
of 30 min. The warm liquid reaction product wa.s then poured into a mixture 
of about 400 ml. benzene and 200 ml. ether, treated \^^th solid potassium hy- 
droxide to remove hydrogen chloride, and the filtered solution freed of solvent 
by evaporation to leave a waxy solid. Recrystallization from a mixture of 
methanol and ethanol gave a colorless product, melting at 129-1 30.5T. Cal- 
culated for C36H72O2X2: X = 4.97 per cent; found, X = 5.10 and 5.08 per cent. 

TABLE 1 

Melting points and analyses of the diacylaied piperazines 
C2H4 

/ \ 

C„Hs„+,CON XCOC„H 2«+l 

\ / 

C2H4 




! 

1 

ANALYSIS FOE NITROGEN 

n 

COMPOUND 

1 TOItMUL\ 

• MELTING POINT 





i 

1 

1 

Calculated 

1 Found 



! 

1 0^. 

per cent 

per cent 

7 

Dioctanoylpiperazine 

j C20H38O2N2 

! 166 

7.73 

7 . 79 ; 7.83 

11 

Didodecanoy Ipi peraz ine 

' C281164O2X2 

, 133-34 j 

6.24 

6 . 35 ; 6.19 

13 

Ditetradecanoylpiperazinc 

j 032^16202X2 

i 75 ; 

5.53 i 

5 . 55 ; 5.53 

15 

Dihexadecanoylpiperazine 

1 C36H70O2N2 

1 79 . 5-80 

4.98 

5 . 01 ; 5.05 

17 

Dioctadecanoylpiperazinc 

1 C40H78O2X2 

; 83 - 83.5 

4.53 

4 . 42 ; 4.43 


N fN'-Dioctadccylscbdcamide: A mixture of 24.2 g. (0.09 mole) of 7?.-octa- 
decylamine and 8.1 g. (0.04 mole) of sebacie acid was placed in a 50-ml. flask 
immersed in an oil bath and stirred for 3 hr, at a bath temperature of 150-160°C. 
The product was recrystallized from 2-propanol, using decolorizing carbon. 
Melting point, 132-133T. Calculated for C4€H9202X2: X = 3.97 lior cent; 
found, N == 4.00 and 4.03 per cent. 

TEST RESULTS 

Laboratory boiler tests were carried out, as described above, on several 
materials, each employed at a dosage of 0.256 p.p.m. in the feed water entering 
the boiler. For purposes of comparison, runs were also made in which no mate- 
rial was added as an antifoam (but the usual amount of dioxane was included 
in the feed water), and in which castor oil was added. Results are shown in 
table 2. The higher the dissolved solids value shown, the more effective is the 
material as an antifoam. 
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INTBRPBBTATIOlir OF BESOLTS 

The results show, first, the remarkable superiority of certain of the polyamides 
As boiler antifoams over the previously used castor oil. The conditions of the 
test were purposely made rather severe so as not to prolong unduly a test in 
which one of the better antifoams was being evaluated. The substantial dif- 
ferences found between the action of castor oil and of several of the diamides are 
substantiated by field experience. 

Secondly, the results tend to strengthen the theory of antifoam action re- 
cently suggested by Jacoby and Thompson (6). Briefly stated, the mechanism 
of the rupture of double-faced liquid films, e.g., of bubble films, consists of the 
gradual thinn in g of these films, due to drainage of liquid, until the film reaches 
a critical minimum thickness and is destroyed (7). In the presence of an ad- 
sorbed layer of surface-active insoluble material, the collapse of a foam bubble 


TABLE 2 

Teat reavlta on anlifoama 


COMPOUND 

BOXUBX WATF.B 
DISSOLVED SOLIDS AT 
CAEEYOVEE 

MOLECULAS WEIGHT 

None (dioxane only) 

irains/gallon 

170 


Octadertnnfl-mide 

166 

283 

Dioctanoylpiperazine 

189 

362 

Didodecanoylpiperazine 

184 

450 

Ditetradecanoylpiperazine 

218 

506 

Dihexadecanoylpiperazine 

378 

562 

Dioctadecanoylpiperazi ne 

475 

618 

JV-Octadecylerucamide 

201 

589 

N , iV'-Dihexadecylsuccinamide 

563 

564 

iV, jV^-Oioctadecylsebacamide 

978 

[ 704 

Castor oil 

186 




may be accompanied by a syneresis (8) or formation in the adsorption layers of 
dehydrated aggregates of the surface-active material. It has been observed 
that certain monolayers, although they may actually stabilize the bubble film 
while they are in the liquid state, lose this ability at once when the solid (brittle) 
state is attained (8). This indicates that one of the conditions for stabilization 
is the great mobility of the molecules of the adsorption layers, and if this mobility 
is lost by attainment of the solid state, the adsorption layers may contribute to 
the rupture of the bubble film. It is likely that the ssmeresis described above 
results essentially in the formation of patches of monolayer in the brittle state 
which are incapable of redispersion at a rate equal to or greater than the velocity 
of destruction of the bubble film. 

Table 2 shows that the monoamide, octadecanamide, showed no antifoam ac- 
tion, and that a substantial increase in the molecular weight brought about by 
the introduction of a second long fatty chain, as in iV-octadecylerucamide, im- 
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parted but slight antifoam action. However, the introduction into the molecule 
of a second amide group resulted in antifoam action if the molecular weight was 
sufficient. Thus, the diamide formed by the diacylation of piperazine with a 
fatty acid of fourteen or more carbon atoms showed pronounced antifoam action. 
The theory of antifoam action referred to above suggests that hydrogen bonding 
promotes antifoam action by enhancing the syncretic effect and]creating a greater 



Fig. 1. Increasing antifoam effectiveness of diacylated piperazines with increasing molec- 
ular weight. 

tendency for the monolayer to reach the solid or brittle state, as shown by Alex- 
ander (1). A consideration of the hydrogen bonding possible in the case of the 
monoamides as contrasted to that possible with the diamides will reveal that 
the extensive cross-linking of the latter should favor the effects believed responsi- 
ble for antifoam action. 

The superiority of the diamides over the monoamides cannot be ascribed 
merely to the fact that many of the better diamides are of relatively high molec- 
ular weight. While there appears to be a certain minimum requirement as to 
molecular weight in order that the diacylated piperazines act as antifoams in 
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a boiler, a comparison of the molecular weights given in table 2 will show that 
several of the diamides tested were of lower molecular weight than JV-octade- 
cylerucamide, an almost ineffective, high-molecular-weight monoamide, yet 
they were effective antifoams. That an increase in molecular weight causes 
the diacylated piperazines to become increasingly effective is well shown by 
reference to figure 1. Table 2 will show that this same tendency holds in the 
case of iVjAT'-dihcxadecylsuccinamide and iV’,A^'-dioctadecylsebacamide, al- 
though in the case of these two compounds both the acid and the amine were 
increased in size in going from the former to the latter. The increase in ef- 
fectiveness with increasing length of the fatty chains is probably due to an in- 
crease in the van der Waals cohesive forces whereby solidification is brought 
about more readily (1). 

That chemical constitution, as well as molecular weight, is important is further 
demonstrated by a comparison of the effectiveness of dihexadecanoylpiperazine 
and iV',iV'-dihexadecylsuccinaraide. The molecular weight of the latter is only 
two more than that of the former, yet the succinamide is considerably more 
effective as an antifoam. A possible explanation of this in the light of the theory 
under discussion is that the piperazine derivative can only be linked together 
by hydrogen bonding through the agency of another kind of molecule, such as 
water. In the case of the succinamide derivative, however, this is not the case. 
Each amide group in the succinamide bears a hydrogen whereby hydrogen bond- 
ing may be effected to the carbonyl oxygen of a neighboring molecule without 
the necessity for some intermediary. 

SUMMARY 

Antifoam tests were conducted in an experimental boiler on a series of pipera- 
zines diacylated by fatty acids, and on several other amides and castor oil. 
Of the diamides tested, those of sufficient molecular w’^eight were more effective 
than castor oil or either of two monoamides. The effectiveness of the diacylated 
piperazines was shown to increase with increasing length of the fatty chains. 
Two diamides of almost identical molecular weight, one a diacylated piperazine 
and the other a succinamide derivative, differed widely in effectiveness. The 
results were interpreted in terms of a recently formulated theory of antifoam 
action. 
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It is generally known that it is not practicable to remove aerosols from air 
with gas mask charcoal. That is why toxic aerosols were introduced as war 
gases and why all combat gas ma.sks must have a special filter to protect the 
wearer of the mask against aerosols. In some masks these filters consist of a 
number of plies and the performance of such filters has been represented (1) by 
the following equation: 


<3 = «" ( 1 ) 

where Q — the fraction of the aerosol passing the filter, p = the number of plies 
(or other units of thickness), and q = the fraction passing a single-ply filter. 
This ecpiation may be written in the form 

p = (1/log q) log C,/Co (2) 

in which Co = the concentration of aerosol entering the filter and C, = the 
effluent concentration. 

In equation 2 p is the thickness of the filter in number of plies, 1/log g is a 
constant characteristic of the filter material, and log C,/ Co is a measure of the 
performance of the filter. 

A somewhat similar equation is used by chemical engineers to define the height 
of a transfer unit and has been applied to the absorption of A^apors by gas mask 
charcoal (2) under such conditions that the concentration of the vapor at the 
surface of the charcoal is negligible. 

This eciuation may be written 


h = 2.30H, log Co/C. (3) 

In equation 3 h is the thickness of the filter, 2.30H, is a constant characteristic 
of the vapor and the bed of charcoal, and log (C,/Co) = — log (Co/ C.) is the same, 
except for sign, as a term in equation 2. In fact, equations 2 and 3 become iden- 
tical if — x/log q = 2.30Hi, where x — the thickness of one ply. This is not 
surprising, for both relate to the process of removing substances from an air 
stream flowing through an irregular porous structure. It may, therefore, be 
that the principal difference in the filtration of aerosols and vapors by charcoal 
is the difference between the diffusion coefficients of the vapor molecules and of 
the small aerosol particles. 
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If this is SO, it should be possible to calculate a value of Ht for a bed of charcoal 
and an aerosol with particles of known size by means of the equation 

H, = (l/a)(2),G/M)«-« (4) 

given in the article by Klotz cited above. In this equation: 

a » the surface of the granules per unit volume of filter bed 
Dp » the diameter of the granules 
Q ^ pV = the mass rate of flow 
tt = the viscosity of the air 
p = the density of the air 
V = the volume rate of air flow 
Z>, = the diffusion constant of the gas in air 

If o * h/Dp and G = pV, equation 4 becomes: 

Ht * (h/Dp)(DppV/pr-*^ (p/pDp)o ” (5) 

The diffusion constant of an aerosol is pven by the relation (3) : 

1 } <® 

in which k = Boltzmann’s constant, T = absolute temperature, and r = radius 
of aerosol particle. At 298‘’K. 

X = mean free path of air molecules = 5.9 X 10“* cm. 
p — viscosity of air = 1.832 X 10“^ 

A = 0.874 
B = 0.35 
c = 1.7 

On the basis of these considerations arrangements were made to test equation 
4 by measuring the penetration of charcoal beds by an aerosol in the laboratories 
of Division 10 of the National Defense Research Committee at Northwestern 
University in 1944. Mr. J. Fehrenbacher made a number of cylindrical, axial- 
flow canisters with charcoal beds 2.80 cm. deep and 10.64 cm. in diameter. Dr. 
Hugh B. Pickard measured the penetration of the canisters by an aerosol of 
dioctyl phthalate with particles of 0.151 micron radius at a flow rate of 85 liters 
per minute and a concentration of about 125 micrograms per liter. He obtained 
the results shown in table 1. In the last column the values of 2.303H( are 
obtained by dividing 2.80 by log Co/C, and are the bed depths required for an 
aerosol penetration of 10 per cent. 

If a is inversely proportional to the particle diameter and only the particle 
size is varied, equation 4 above reduces to 

Ht » kiDl;" 


(7) 
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in which ki is a constant. Plotting log Ht against log D, from the data in the 
above table a value of 0.9 is obtained for the exponent instead of 1.41. 
Similarly, equation 4 becomes 

Ht = (8X 

when only the diffusion coefficient is varied. 

From some unpublished data reported by Dr. E. O. Wiig for ethyl chloride 
on 16-20 mesh charcoal, it was calculated that at a rate of air flow of 500 cm. per 
minute: 


Ht = 0.095 cm. 

At an airflow of 955 cm. per minute, as used in the experiments of table 1, 
the value of Ht would have been 

0.095(955/500)" « = 0.123 cm. 

So for ethyl chloride with a diffusion coefficient of 0.100 

Ht = 0.123 cm. 

TABLE 1 


Penetration of charcoal by dioctyl phthalate 


CANISTER NO. 

CHARCOAL PARTICLE SIZE 

PRESSITHE 

DROP 

PENETRATION 

2.30 JUt 

Sieve 

Diameter . 

Ce/C, 

Log Co/C« 



cm. 

mm. HsO 



cm. 

1 

18-20 

0.091 

32 

0.81 

0.092 

30.4 

2 

20-25 

0.076 

38 

0.79 

0.102 

27.5 

3 

25-30 

0.060 

48 

0.74 

0.131 

21.5 

4 

30-40 

0.047 

63 

0.69 

0.161 

17.4 


while for the dioctyl phthalate particles with a diffusion coefficient of 1.08X10“*, 
and charcoal granules of very nearly the same size as those of Wiig: 

2.303 XHt-= 30.4 

By means of this data a value of the exponent in equation 8 was calculated for 
comparison with the value of —0.67 there given as follows: 

_ log (30.4/0.123)72.303 _ _ « ^ 
log (1.08 X 10-«/0.100) 

The agreement, in the case of the two exponents, indicates that a layer of granu- 
lar charcoal filters aerosol particles and vapor molecules by much the same 
mechanism over a 100,000-fold range of diffusion coefficients. 
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I, Intboduction 

A. THE INTRINSIC EQUATION 

The chief characteristic of a triangular diagi*am which is responsible for its 
usefulness in representing ternary systems is the opportunity it provides for 
representing three variables in a plane, with three axes of reference (the sides of 
the triangle). This is possible because in a ternary system only two of the 
composition variables are independent. When the methods of analytic ge- 
ometry are employed in dealing with composition relations, the axes of reference 
refer only to independent variables, so that only two of the three components 
appear in equations. The procedure is equivalent to taking two of the sides of 
the triangular diagram as coordinate axes. Except in the case of binary systems 
represented by lines passing through the origin, the equation for a binary system 
possesses a constant term. The magnitude of this term depends upon the num- 
ber of weight units taken as a total in the expression of composition. For ex- 
ample, if the equation x + 3^ — 80 = 0 represents a binary system when compo- 
sition is expressed in percentages by weight, the equation x -f- 32 / — 0.8 « 0 
represents the system when composition is expressed in weight fractions. 

One of the significant properties of the triangular diagram is that each of the 
sides represents totality. If the total is lOO per cent, the side represents 100 
per cent, and if the total is unity (weight fractions), the side represents unity. 
It is because of this property that triangular diagrams representing ternary 
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systems appear frequently without any indication of the units in which composi- 
tion is expressed. Equations derived by analytic geometry do not possess this 
characteristic. Without a knowledge of the number of weight units representing 
totality the equations are meaningless. 

Composition relations can be treated analytically by a method analogous to the 
use of the triangular diagram in geometric treatment. This is accomplished by 
eliminating the constant term which involves the number of weight units taken as 
a total in the expression of composition. To illustrate, let us consider a hypo- 
thetical ternary system X-Y~Z, in which percentages of the components are 
designated as a;, i/, and 21 , respectively. Considering x and y as the independent 
variables, the equation for the binary system in which the components are 
x = 50, 2 / = 50, 2=0 and x = 80, 2 / = 0 , 2 = 20 is: 

5x + 32/ - 400 = 0 (1) 

This equation is satisfied by all compositions in the binary system, provided that 
in each case x + y + z — 100, corresponding to a total of 100 per cent. The 
constant term may be eliminated by subtracting four times the latter equation 
from equation 1, obtaining: 

a: - 2 / - 42 = 0 (lb) 

Since equation lb does not possess a constant term, it represents the relation 
between the composition variables in any total quantity of material. The 
variables may refer to the number of grams in 100 g. (percentages), to the num- 
ber of pounds in 1 pound (weight fractions), or even to Ihe number of pounds 
in a long ton of 2240 pounds. As in the triangular diagram, the number of 
weight units representing totality does not need to be defined. Equations of 
this kind, in which the constant term is lacking, ai'e not referred to coordinate 
axes or dimensions. Since they pertain only to composition, they will be re- 
ferred to as intrinsic equations. 

As will be shown presently, the intrinsic equation of an {N ~ 1) -component 
system within an jV-component system may be derived directly, that is, without 
first deriving an equation with distances from coordinate axes in mind. This is 
an important consideration when dealing with systems of more than four com- 
ponents, since it eliminates the necessity of thinking in terms of hyperspace. 

Intrinsic equations have other advantages which will appear as this study 
proceeds. However, the number of equations required to represent a system 
within an iV-component system is not reduced by choosing the intrinsic form. 
For example, in a five-component system, a single equation represents a quater- 
nary system, two equations are needed to represent a ternary system, and three 
to represent a binary system. In each case the number of equations is the same 
as with equations involving a constant term. In defining a system within any 
given system the number of equations increases as the number of components 
decreases in the system to be defined. Expression of very simple relations in a 
system of many components therefore may become quite complicated and 
awkward. To meet this difficulty another type of equation, involving pa- 
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rameters, may be employed. Paratneirie equatiom mcreaee in complexity in 
the (^posite direction, beiog easy to apply when the use of intrinsic equations 
becomes difficult, and vice verm. The properties and application of parametric 
equations will be considered in another paper which is in preparation. 

t B. TEBumonooT 

Some of the terms which will be used may be described with reference to 
figure 1, which is a diagram showing the final products of crystalliaation in the 



Fio. 1. Final products of crystallization in the system CaO-AliOj-SiOj 

system CaO-Al*Os-SiOi, as determined by Rankin and Wright (3) and later 
investigators (1). In this figure the oxide components CaO, AbOj and SiOz are 
represented by C, A, and S, respectively. The compounds are then desig- 
nated as though C, A, and S were elements. For example, the compound 
2Ca0‘Alt08-Si0j is given the formula CjAS. This form of abbreviation is 
useful in the analytical treatment to be described. 

Since the term system will be used frequently, the sense in which it is used in 
this paper should be clearly understood. The entire range of compositions which 
may be obtained by varying the proportions of a given set of components will be 
referred to as a system. Any substances, defined by their compositions, may be 
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selected as components of a system, provided that none of them can be formed 
from the others in any proportions, positive or negative. For example, two 
invariant points in a ternary system may be taken as components of a binary 
system, although they are neither elements nor compounds. 

1, Primary and secondary systems 

% 

The system C-A-S (figure 1) is composed of fourteen individual ternary 
systems. It is convenient to refer to a system as a whole as a primary system, 
and to any system within it as a secondary system. The term “secondary sys- 
tem*’ is limited to systems of the same number of components as the primary 
system. The number of components is designated as N, which in this case is 3. 
Components of the primary system and secondary systems will be referred to as 
primary and secondary components, respectively. Similarly, compositions will 
be referred to as primary or secondary, depending upon the components in which 
they are expressed. 

Because the secondary systems are each related to the primary system through 
the compositions of their components, there are mutual relations among the 
secondary systems, and these will prove to be useful. Any composition in the 
primary system may be formed from the components of any secondary system, 
if both positive and negative proportions are considered. For example, the 
composition CAS 2 may be formed from the components of the system 
C 2 S-C 6 A 3 “CaA, if they are combined in the molar proportions indicated by the 
equation: 

4C2S + 3 C^A 3 ~ TCaA = 2CAS2 

If interest is concentrated upon a particular secondary system and compositions 
are expressed in terms of the components of that system, the secondary system 
may be treated as the primary system. The original primary system and any 
other iV-component systems within it are then treated as secondary systems. 

Degrees of freedom 

Considered with reference to composition only, the number of degrees of 
freedom of a system is the number of composition variables which must be fixed in 
order that any composition in the system may be defined. Each equation ex- 
pressing a composition relation reduces the number of degrees of freedom by 1. 
An equation representing the condition that the total quantity of the com- 
ponents is constant is always understood. An jV-component system therefore 
has i\r — 1 degrees of freedom. If the equations are linear, N ^ n equations 
define an n-component system with n — 1 degrees of freedom.^ 

When the number of degrees of freedom is 3 or less, the number may be defined 

^ Systems defined by one or more intrinsic equations extend to the boundaries of the 
primary system. When a system forming only a part of such a system is to be defined, 
limits must be imposed, in addition to the intrinsic equation or equations defining the 
complete system. 
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geometrically by reference to points, lines, surfaces or volumes, which have 0, 1, 
2, or 3 degrees of freedom, respectively. 

S. Notation 

When the components of a primary system are designated by single letters, as 
in figure 1, it is convenient to use the same letters, in either italics or bold face, to 
denote quantities of these components. Other 83 rmbols may be employed in the 
same manner in algebraic expressions or equations to denote quantities of 
secondary components. If quantities of all the components, primary or sec- 
ondary, are expressed in the same weight units, or in the same units relative to 
total weight fpercentages or weight fractious), the quantities will be in italics. 
For example, C, A, and S represent quantities of components C, A, and S ex- 
pressed in the same weight imits. Although expressions involving such quan- 
tities, and lacking a constant term, refer to any total weight of material, they will 
be applied here to percentages and will therefore be referred to as being in per- 
centage form. In the case of substances capable of being expressed by chemical 
formulas it is convenient to express composition in moles. In that case, the 
weight units for the different substances are not the same. Quantities expressed 
in moles will be in bold face. For example, C, A, and S refer to the number of 
moles of the components C, A, and S, respectively. Expressions involving such 
quantities will-be referred to as being in molar form. 

II. Secondary Systems (Conversion of Compositions) 

In dealing with composition relations it is frequently necessary to convert 
compositions from one system of components to another. For example, it may 
■ be necessary to convert compositions expressed in terms of C, A, and S to compo- 
sitions interms of CS, C»AS, and CASj. Such conversions, from primary com- 
positions'to secondary compositions, will be referred to as primary to secondary 
conversions. Similarly, it may be necessary to perform a secondary to secondary 
conversion, as in converting compositions in terms of CaS, CjS, and CsA to 
compositions in terms of C, C 2 S, and CsAs. 

' 1 ‘ A. PWMARY TO SECONDARY CONVERSION EQUATIONS 

■ 1. Method of derivation 

To llhl&tthte th 6 'derivation of equations for primary to secondary conversion, 
let uston^der the system CS-CjAS-CAS* (figure 1 ). The problem is to derive 
equatlons'flJr' Converting compositions expressed in terms of the primary com- 
ponents,' C, A, and S, into terms of the secondary components, CS, C*AS, and 
CASs. Since the tttolar compositions of the secondary components are indicated 
in their formulae and ihvolve small whole numbers, it is convenient to derive 
equations in molm* form. In any quantity of mixture, let C, A, and S represent 
the number of moles of C, A, and S, re^ectively, and let X, Y, and Z represent 
■the number of moles of CS, C*AS, and CASj, respectively. Proceeding as 
thou^ the primary components are actually cmnbined in the form of the com- 
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pounds designated as secondaiy components, it can be seen from the chemical 
formulas that there are present X moles of C in the form of CS, 2Y moles in the 
form of CjAS, and Z moles in the form of CAS*. This may be expressed in 
equation form as follows: 

X + 2y + Z = C (2) 

Considering the components A and S in the same manner, 

Y + Z = A (3) 

X + Y + 2Z = S (4) 

Equations 2-4 may be solved for X, Y, and Z by any of the usual methods. 
For our purpose, however, the determinant method is preferred. Let D denote 


the determinant of the coefficients in the equations. 

1 2 1 

2 > = 0 1 1 
1 1 2 

C 2 1 

Moles = X = A 1 1 4- D (5) 

S 1 2 

1 C 1 

Moles C 2 AS = Y = 0 A 1 4 -'/) (G) 

1 S 2 

1 2 C 

Moles CASj = Z = 0 1 A 4- Z) (7) 

1 1 S 

Evaluating the determinants: 

Moles CS = X = (C + S - 3A)/2 (5a) 

Moles C.AS = Y = (C + A - S)/2 (6a) 

Moles CASs = Z = (A + S - 0/2 (7a) 


These equations in molar form can be converted to percentage form. The 
molecular weights of the primary components C, A, and S are 56.08, 101.94, and 
60.06, respectively. The molecular weights of CS, C 2 AS, and CAS 2 are 116.14, 
274.16, and 278.14, respectively. Then, in any quantity of mixture: 


c- 


S= ^ 

56.08 

101.94 

60.06 

X- ^ 

Y= ^ 

Z = ^ 

116.14 

274.16 

278.14 
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Up<Hi substituting in equations 5a-7a, the following equations are obtained: 

Weight of CS “ X = 1.0355C + 0.96695 -1.7089il f5b) 

Weight of C 2 AS = r = 2,4444C + 1.3447A -2.28245 f6b) 

Weight of CAS 2 = Z = 1.3642^ + 2.31555 -2.4799C (7b) 

Since these equations refer to any total quantity of material, they will apply to 
percentages, that is, the number of grams of each component in 100 g., or they 
may apply to weight fractions. They may also be applied to compositions in 
which the total percentage obtained in a chemical analysis is not exactly 100 
per cent. In any case the total for the secondary components will be equal to 
the total for the primary components, since the sum of the equations is: 

X+Y+Z^C+A+S 

This provides a check on numerical computations. It should also be borne in 
mind when the percentage of one of the secondary components is obtained by 
difference. For example, if the total for the primary components is 99.5 per 
cent, this is also the total for the secondary components, and should be used 
instead of 100.0 in obtaining the percentage of one component by difference. 

In the foregoing example, the primary to secondary conversion was performed 
with molar quantities, and the resulting equations were then converted to per- 
centage form. This has certain advantages, particularly when N is greater than 
3. The equations in molar form are simple and can be solved easily and exactly 
by any of the usual methods of solving simultaneous equations. Each of the 
coefficients in the equations in percentage form is found directly from the mo- 
lecular weights of the substances involved in the conversion. 

Equations lacking a constant term are particularly convenient when dealing 
with compositions in which the totals vary. If they are to be applied to primary 
compositions in which the total is always 100 per cent, the number of multiplica- 
tions may be reduced by eliminating one of the primary components in the equa- 
tions. For example, in equations 5b-7b, one of the primary components may be 
eliminat ed through the relation: 

C -1- 4 + 5 = 100 

To illustrate, we may eliminate A by substituting 100 — C — 5 for A in each 
of the equations, obtaining 

X = 2.7444C + 2.67585 - 170.89 (5c) 

Y = 1.0997C - 3.62715 + 134.47 (6c) 

Z = - 3.8441(7 -I- 0.95135 -t- 136.42 (7c) 

Only two of these equations are needed, since the percentage of one of the sec- 
ondary components may be obtained by difference. 

S. The equation of an (N — l)~component system 

The equations for primary to secondary conversion are positive for all compo- 
sitions within the secondary system, while for all compositions outside of the 
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system at least one of the equations is negative. When substitution of a compo- 
sition in one of the equations leads to a value of zero, the composition is in the 
boundary system represented by the remaining components, or on an extension 
of that system. Referring to equations 5a-7a, we find that a composition which 
gives a value of zero when substituted in equation 5a is in the binary system 
C 2 AS-CAS 2 . The equation C + S — 3A = 0 is satisfied by all compositions in 
the system C 2 AS~CAS 2 , and is therefore the intrinsic equation of that system. 
The equations for the binary systems bounding the system CS-C 2 AS-CAS 2 may 
be found by equating each right-hand member of equations 5a~7a to zero, as 
follows: 


System 

Equation 


CjAS-CAS* 

C + S - 3A = 0 

(8) 

CS-CAS 2 

C + A - S = 0 

(9) 

CS-C^AS 

A + S - C = 0 

(10) 


The solution of equations 2-4 by the determinant method, as in equations 
5-7, suggests a direct method of deriving the equation of an (N — /) -component 
system. The method may be illustrated by considering equation 5. According 
to the principle just discussed, the equation for the system C 2 AS-CAS 2 may be 
obtained by equating the determinant in equation 5 to zero, that is: 


0 


Upon examining the determinant it is seen that the elements of the second and 
third columns are the number of moles of C, A, and S in C 2 AS and CAS 2 , re- 
spectively, that is, the components of the binary system under consideration, as 
indicated in their chemical formulas. This illustrates the general method, which 
can be applied to systems of any number of components. To set up the equation 
of an (N — l)-component system, the sjunbols representing molar quantities of 
the N primary components are indicated in one column, and the molar composi- 
tions of the iV — 1 secondary components are then indicated in the remaining 
columns of the determinant. The determinant is then equated to zero. 

The same method may be applied in dealing with compositions expressed in 
percentage form. That is, the symbols representing percentages of the N 
primary components are indicated in one column, and the compositions of the 
— 1 secondary components, on a percentage or weight fraction basis, are 
indicated in the remaining columns. 

Each secondary system is bounded by N systems of AT — 1 components. 
The equations for {N — 1) -component systems will therefore be referred to as 
boundary equations. 


B. SECONDARY TO SECONDARY CONVERSION EQUATIONS 

When it is necessary to convert compositions from one system of secondary 
components to another, the usual method is to perform the conversion in two 
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steps: (1) to convert the composition in the first system to a primary composi- 
tion; (£) to convert the primary composition to the second system of components. 
Equations for direct secondary to secondary conversion are easily drived. The 
use of such equations eliminates one of the steps in the usuid method. The 
equations are usually more simple than those for primary to secondary con- 
version, which is an additional advantage. 

To illustrate the procedure, let us assume that compositions expressed in 
terms of C»S, C 2 S, and C»A are to be convCTted into terms of C, CjS, and CsAj. 
In any quantity oi mixture, let : 


SYSTEM 2 

SYSTEM 1 


Molecular weight 


Molecular weight 

X « moles C 

56.08 

X « moles CgS 

228.30 

Y *» moles CjS 

172.22 

y * moles C*S 

172.22 

Z « moles CftAs 

586.22 

z « moles CjA 

270.18 


From the chemical formulas the total number of moles of C in system 2 
is X + 2Y -f 5Z, while in system 1 it is 3x -f 2y 3z. These quantities are 
identical. Similarly, expressions for the number of moles of S and A in the two 
systems are identical, leading to the equations: 


X + 2Y + 5Z = 3x - 1 - 2y -t- 3z 

(11) 

y = X -1- y 

(12) 

3Z = z 

(13) 

Solving for X, Y, and Z: 


~ 3x 4- 4z 

3 

(14) 

Y = x + y 

(15) 

^=5 

(16) 

Converting to percentage form by the method on page 702, we 
equations: 

obtain the 

X = 0.2456a: + 0.276& 

(14a) 

y - y -1- 0.7544a: 

(15a) 

Z = 0.72322 

(16a) 

For convenience, these equations may be written as shown below: 


System S System 1 


C = 0.2456C^ -f 0.2768C,A 

(14b) 

CjS = C*S -1- 0.7544C^ 

(15b) 

CsA, - 0.7232C^ 

(16b) 
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It will be shown later that in the analytical interpretation of phase equilibria 
data it is sometimes convenient to convert compositions from a secondary system 
to an adjacent system or a system further removed from it. In such cases, 
negative values appear in the expression of composition. For example, con- 
version between systems CaS-CaS-CsA and C 2 S-C 3 A“C'bA 3 may be expressed by 
either of the two sets of equations shown below, obtained by the foregoing 
method. The equations are in percentage form. 


System 1 
CaS 

System 2 
= - 1.5578C6Aa 

(17) 

QS 

= CjS + l.lTfilCaAa 

(18) 

Cik 

= CaA + 1.3827CaAa 

(19) 

System 2 
QS 

System 1 

= CsS + 0.7544(^3S 

( 20 ) 

CaA 

= CaA + 0.887GC,,.S 

( 21 ) 

CaAa 

= - 0.642()C,S 

( 22 ) 


Referring to figure 1 we see that C 3 S and C&Az are on opposite sides of the binary 
system C2S--C3A. This is reflected in the equations, since C3S and CsAs are of 
unlike sign in equations 17 and 22 . 

III. Systems of (N — 1 ) Components 

When an (N -- l)-component system is defined by designating its components, 
the relation between the primary components is indirectly defined, since all 
compositions in the system must be capable of being formed from the designated 
components. In addition, the range of compositions is limited to those which 
can be formed from the components in positive proportions. For example, the 
system C 2 AS-CAS 2 (figure 1 ) includes only the compositions on the line joining 
CaAS and CAS 2 , and does not include those on extensions of that line. An equa- 
tion defines the relation between primary components directly, with no limita- 
tions other than the indicated relation. The equation derived for the system 
CaAS-CASa, that is, C + S — 3A = 0, is satisfied not only by compositions in the 
system from which it is derived, but also by extensions of that system, such as 
CaA and S 3 A. Geometricall}^ the equation represents a line extending an in- 
finite distance in either direction, so that it will include compositions outside of 
the primary system, involving negative quantities. This may be illustrated by 
the composition C 4 AS-. 1 , which satisfies the equation, but is outside of the 
primary system. 

Since the (N — l)-component system represented by an intrinsic equation 
extends to the boundaries of the primary system, it always separates the primary 
system into two parts. The equation represents a boundary between the two 
parts, and may therefore be referred to as a boundary equation. It will be shown 
presently that the expression equated to zero in a boundary equation may be 
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used in the classifieation of compositions with reference to the secondary systems 
in which they lie. It is convenient, then, to refer to such expressions as boundary 
expreamm. For example, C + S — 3 A** 0 isa boundary equation, and C + S 
-- 3 A is the corresponding boundary expression. 

A. PROPERTIES OP INTRINSIC EQUATIONS 

The binary systems which form the “edges” of a system may be found by 
taking its components in pairs. For example, the edges of the system A-B-C-D 
are the binary systems A-B, A-C, A-D, B-C, B-D, and C-D. The extension of 
a boundary system to the boundaries of the primary system may be traced by 
determining compositions on the edges which satisfy the equation of the system. 
This may be done by equating each pair of terms to zero. To illustrate, let us 
consider the following equation of a ternary system in the quaternary system 
A-B-C-D: 


A - 2B - 3C - 4D = 0 (8) 

In this equation we have six pairs of terms, obtaining the following equations: 

A - 2B = 0 2B + 3C = 0 

A - 3C - 0 2B + 4D - 0 

A-4D«0 3C-H4D = 0 

The equations at the left, in which the terms are of opposite sign, are satisfied by 
compositions expressed in positive quantities: AsB, A(C, and A4D. Geo- 
metrically, these represent intersections of a plane with the edges of the tetra- 
hedron A-B-C-D, and the equation therefore represents the ternary system 
A2B-ASC-A4D. The equations at the right are satisfied by compositions in 
which both positive and negative quantities appear, that is, BjC-s, BsD-i, and 
C4D-J. These are intersections of the plane with extensions of the r emainin g 
edges of the tetrahedron. 

It should be noted that only pairs of terms of unlike sign lead to equations 
which are satisfied by compositions on the edges of the primary system. A 
boundary equation must therefore have at least one pair of terms of unlike sign 
to represent an (iV — 1) -component system passing through the primary system. 
The boundaries of the primary system are represented by equations with only one 
term. For example, in the system C-A-S (figure 1) compositions on the C-S 
side satisfy the relation A — 0. 

By determining compositions on the edges of the system A-B-C-D which 
satisfy equation 8, we found them to be components (tf a ternary system which 
includes all compositions in the primary system that satisfy the equation. This 
was possible because equation 8 has 3 , that is, — 1, terms of like sign. When 
there are less than iV — 1 terms of like sign, the number of compositions on the 
edges exceeds N — 1 . This may be illustrated geometrically by considering a 
plane passing throui^ the tetrahedron representing a quaternary system. Such 
a plane may intersect three edges, forming a triangle, or it may intersect four 
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edges, forming a quadrilateral. In the latter case, it is necessary to set up a 
ternary system with at least one component outside of the primary system if it is 
proposed to include all compositions in the primary system which satisfy the 
equation of the plane. To set up such a system is of no practical value. How- 
ever, in dealing with multicomponent systems without reference to geometric 
relations it is well to understand that we can refer to any intrinsic equation as 
representing an (N — l)-component system, rather than a line, plane, or hyper- 
plane extending an infinite distance into space. 

Let us consider the following equation representing a ternary system in the 
quaternary system A-B-C-D. 

A - 2B -f 3C - 4D = 0 (8a) 

This equation has four pairs of terms of unlike sign and two of like sign, leading 
to the following equations: 

A - 2B = 0 A -1- 3C = 0 

A-4D = 0 B-f2D = 0 

2B - 3C = 0 

3C - 4D = 0 

The compositions on the edges of the system which satisfy equation 8a are A2B, 
A4D, BjC 2, and 041)3. Those on the extensions of the edges are AsC-i and B2l)-i. 
It can be seen that .\2B is in the system AsC_i-B3C-2, since 2.\3C_i -f- B8("2 == 
3A2B. Similarly A4D is in the system A3C_i-C4D3. The ternary system 
A3 C_i-B 3C2-C4D8 therefore includes all compositions in the quadrilateral 
A2B-A4D-B,C,-C^«D3. 

Some of the properties of boundary equations may be illustrated by reference 
to figure 2. This figure represents the same primarj'^ system and secondary 
systems as figure 1. The intrinsic equation of each binary system, in molar 
form, is indicated. It Avill be noted that the boundary equations for t he systems 
radiating from the vertex A are S = 0, C — 2S = 0, 2C — S = 0, and C = 0. 

Each of these equations lacks an A term. This illustrates a condition which 

applies to systems of any number of components, that when a primary com- 
ponent is lacking in an expression, that primary component is one of the 
components of the (N — l)-component system represented by the equation. 

To illustrate the significance of boundary equations with reference to compo- 
sitions on the corresponding boundaries, let us consider the expression C — A 
— S for the system CS-CA (figure 2). This expression is equal to zero for any 
composition in the system CS-CA. Now if C is added to any such mixture, the 
value obtained when the resulting mixture is substituted in the expression Avill 
be positive, since C is positive in the expression. Any composition in the area 
between the system CS-CA and the C vertex can be formed in this manner. 
Compositions in this area therefore give positive values when substituted in the 
boundary expression. Similarly, on the side of the system CS-CA toward the A 
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and S vertices the boundary expression has a negative value. In g^eral, a 
boundary expresenon divides an A^-compment prunary systom into two parts, 
according to the sign obtained. If a positive sign is obtained when a composition 
is substituted in the boundary expression, the composition is aa the side of the 
boundary ss^tem toward the primary comptments with positive signs in the 
expression; if negative, it will be on the side toward the ocmponents with negative 
terms in the expression. 



B. CLASSIFICATION OF COMPOSITIONS 

In a tcrnai-y system the secondary system to which any given composition 
belongs may be determined graphically. In the case of systems of more than 
three components analytical methods must be employed. Boundary expressions 
may be used for the purpose. To illustrate a systematic method of classifying 
compositions with reference to the secondary systems in which they lie, the 
boundary equations for all binary systems, in figure 1 are shown in figure 2. 
It will be seen from the equation of the system CS-CA that the boundary ex- 
pression C — A - S divides the system into two groups of secondary systems; 
systans 1-7, which are positive to the expressiim; and systems 8-14, which are 
native. The first group may be divided into tv/o subgroups by the expresaon 
C ~ A — 2 S: systems 1-4, which are positive to that expression, and systems 
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5-7, which are negative. By ref^ence to the boundary expressions in figure 2, 
we may proceed in that manner to trace any composition in molar form to the 
particular secondary system in which it lies. To accomplish this without 
reference to a diagram, all that is necessary is to indicate the successive steps in 
a table arranged in a form similar to a botanical key, showing the groups and 
subgroups with reference to the signs of the boundary expressions. Table 1 is a 
classification key of this type for the system Ca 0 -Al 203 -Si 02 , for an analytical 
classification of compositions in the system. Although such a key may be 
devised on a percentage basis, it is more convenient to set up the key in molar 
form. 

To apply the key, each composition under consideration must be expressed in 
molar form. It may be expressed as the number of moles in any quantity of 
material. For example, the percentage of each primary component may be 
divided by the molecular weight to obtain the number of moles per 100 g. ‘In 
this case: 


c - = 0.01783 CO) 

OO.Uo 

A = = 0.00981 (per cent AljO,) 

lUl .V/4 

s . . 0.01665 

oU.Ub 

These quantities may be multiplied by a constant to obtain values to be sub- 
stituted in the classification key. This provides a means of reducing the number 
of arithmetical operations required in converting percentage compositions to 
molar quantities. For example, we may multiply each quantity by 56.08, the 


per cent CaO 

0.5501 (per cent AljO*) 

0.9337 (ptT cent SiOj) 

The values of C, A, and S obtained in this manner are the number of moles of 
CaO, AUOj, and SiO*, respectively, in 5608 g. This eliminates computation 
of C. 

If substitution of a composition in one of the boundary expressions in the 
classification key leads to a value of aero, the composition is on the boundar 3 '’ 
between two secondary systems. One of these systems will be found by assum- 
ing the value to be poative, and the other by assuming the value to l>e negative. 
The secondary components common to the two systems are the components of 
the system of AT - 1 components (in this case a binary system) in which the 
composition lies. For example, if the composition is in the system CS-CjAS, 


molecular weight of CaO, obtaining: 

p _ 56.08 (per cent CaO) 

. _ 56.08 (per cent AljOj) 

ioEgi 

_ _ 56.08 (per cent SiO») 



TABLE 1 

Classification key for system CaO-AliOj-SiOi 
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CaO 35 per cent C = 35.00 

AI 2 O, 25 per cent A = 25 X 0,5501 = 13.75 

SiOj 40 per cent S = 40 X 0.9337 = 37.35 

Since (C - A ~ S) is negative, this composition is in the right-hand group of systems. It is then found to be in the subgroup in which 
(C — 2S) is negative. Continuing in this manner, the composition is found to be in the system CjAS-CASr-CS (system 10). 
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the expression C— A— S will be equal to zero. If the value is assumed to be 
positive, the composition will be traced to system 7, C 8 S 2 ~C 2 AS-CS. If the 
value is assumed to be negative, the composition will be traced to system 10, 
C 2 AS--CAS 2 ~CS. The secondary components CS and C 2 AS are common to 
systems 7 and 10. The composition is therefore in the binary system CS-CaAS. 

1, Relations between secondary systems and boundary expressions 

In the development of a classification key for the ternary system CaO-AhOs- 
Si 02 (table 1), boundary expressions for the successive division of the primary 
system into groups of secondary systems were selected by reference to figure 2, 
in which the relation of each secondary system to the boundary expressions can 
be readily seen. In developing a key for a system with a greater number of 
components, these relations must also be known, but they must be determined 
in other ways. The methods w^hich will be employed in dealing wuth such 
systems may be found by a further study of figure 2. 

It will be seen in figure 2 that binary systems on the boundaries of the primary 
system lack one of the primary components. For example, binary systems 
(VS-~C 2 H, C 2 S-C 8 S 2 , etc., on the C-S side of the primary system, lack component 
A. These systems are boundaries of secondary systems, but they do not sepa- 
rate secondary systems from one another, and they are therefore of no significance 
in the development of a classification key. In forming a list of the (N — 1)- 
componeiit systems to be used in developing the key for an A-component system, 
all systems in w’hich a primary component is lacking in the designation of the 
system are disregarded. 

The relation betw^een each secondary system and a boundary expression may 
be determined by the signs of the values obtained when their components are 
substituted in the expression. For example, the components of system 3, 
tVS-CsA-CVAa, give positive values when substituted in the expression 2C— S, 
indicating that the system is entirely on the positive side of the system repre- 
sented by the expression. When the components of system 12, (/ 2 AS-"CAS 2 ~A, 
are substituted in the expression 2C— S the values obtained are +3, 0, and 0, 
indicating that system 3 is on the positive side of the binary system represented 
by the expression 2C--S. For the purpose of developing the key, the fact that 
zeros are obtained in some instances is of no significance, and systems 3 and 10 
are both classified as positive. By this procedure, it is found that systems 1-10 
and system 12 are positive, w^hile systems 13 and 14 are negative, w ith reference 
to the expression 2C — S. When the components of system 11, CS--S-CAS 2 , are 
substituted in the expression 2C~S, a positive value is obtained for CS and a 
negative value for S. This indicates that the expression divides the system 
into two ternary systems, as indicated by the broken line extending the system 
CAS 2 -A to the hypothetical compound CS 2 . It is sometimes necessary to 
divide systems temporarily in developing a classification key. It w ill be ob- 
served that system 11 appears tw ice in table 1, indicating that this temporary 
division of system 11 w^as made in developing the key for the system CaO- 
AlaOa-SiOj. 
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, It appears from the foregoixig discussimi that it is possible to develc^ a dassi- 
hoation key for a system of any muaber of otnnponmits, since the relstimis 
between secondary sj^ems and boimdary exisressioQS can be determined without 
reference to a diagram. In tabulating these relations it is oonvauent to use 
symbols. In listing secondary ss^stems with ref«^oe to a particular boundary 
expression, those which are positive are designated by a plus sign, and those 
which are negative by a minus sign. When one plus and one minus sign are 
obtain^ in substituting the components of a secondary system in a boundary 
expression, the system is divided by the expression into two iV'Component sys- 
tems, one positive and one negative. This is indicated in tables by a d: sign. 
If unlike signs are obtained, but more than one is plus, or mwe than one is 
minus, the secondary system is divided into two parts, but at least one of these 
is not an iST-component system. This is indicated by X. Such divisions are 
not useful in the classification of compositions. 

Classification of compositions in multicomponent systems 
To illustrate the general method of developing a classification key, we shall 
develop a key for the hypothetical system A-B-C-D, which will be assumed to 
be composed of the following secondary systems: 

Secondary systems 

1. A*BD-A-C-D 

2. AjBD-A-B-C 

3. A,BD-A,BC,D-B-D 

4. A*BC*D-B-C-D 

This group of systems has been designed to involve only a small number of sec- 
ondary systems, and yet include all four types of relations between secondary 
systems and boundary expressions discussed in the previous section. 

The four systems bounding each secondary system may be found by taking 
each combination of three secondary components. Eliminating those which 
are repeated, and those in which any primary component is lacking, we obtain 
eight boundary systems, with their boundary expressions, by the determinant 
method described on page 701. 


BOUNDAKY SYBTKMB AND EXPBZS810N8 

Boundary systems 

Boundary expressions 

AiBD-A-C 

B - 1) 

AsBD-OD 

A - 2B 

AsBD-B-C 

A - 2D 

A*BI>-AiBCiI>-B 

A - 2D 

AjBl^AtBCfD-D 

A - 2B 

AaBCfD-B-D 

A-C 

AjaC*D-B^ 

A - 2D 

AaBCtD-C-D 

A - 2B 
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Boundary systems with the same boundary expression are parts of a single 
(JV - l)-component system extending to the boundaries of the primary system. 
In this case, there are only four such systems, represented by the expressions 
A — C, A — 2B, A — 2D, and B — D. 

The components of each secondary system are now substituted in each bound- 
ary expression, designating the relation between each system and expression 
by the appropriate designation indicated in the previous section. These designa- 
tions are tabulated below : 


BOUNDABY EXPBKSSION 


SKCONDAKY SYSTEU 



A - C 

A ~ 2B 

A - 2D 

B - D 

1. AjBI>-A-C-D ! 

X 1 

+ , 

=t 


2. AiBD-A-B-C 1 

X 

± 

+ 

•f 

3. AaBD—AjBCjI!)— B—D 

+ 

— 

— 

=t 

4. AsBC*D-B-C-D 

— 

— 

— 

=fc 


A boundary expression will divide the secondary systems into two groups if 
there are only plus signs and minus signs in the column for that expression. 
Since this is not true in any column, the condition must be secured by dividing 
some system into two systems. For example, system 1 may be divided into 
two systems by the expression A— 2D, as indicated by the sign in the column 
for that expression. One of these systems will be positive to A— 2D, and the 
other negative. Similarly system 2 may be divided into two systems by the 
expression A — 2B. Choosing the latter, system 2 is divided into systems, 2a and 
2b, as shown in the following table: 


BECONDABY SYSTEM 


1 

2a 

2b 

3 

4 


BOUNDARY EXPRESSION 


A - C 

;« 

1 

< 

i 

1 * 

> 

1 

B - D 

X 

+ 

± 


X 

4- 

-f i 

+ 

X 

- 


+ 

+ I 

- 

- 


— , 

— 

— 

d= 


In this table system 2a is the part of system 2 which is positive fo the expres- 
sion A-2B, and system 2b is the part, which is negative. The signs for systems 
2a and 2b under the other expressions are the same as for system 2. Boundary 
expression A— 2B now divides the five systems into tw’o groups: systems 1 and 
2a, which are positive to this expression, and systems 2b, 3 and 4, w^hich are 
negative. Systems 1 and 2a are separated by the expression B—D. Systems 
3 and 4 may be separated from system 2b by the expression A— 2D, and then 
separated from one another by the expression A — C. The classification key 
may now be set up, as follows: 
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(A - 2B) 

- D) + 
(B - D) - 
(A - 2B) - 
(A - 2D) + 
(A - 2D) - 
(A - C) + 
(A - C) - 


Secondary gydam 

2. A*BD-A-B-C 

1. A^D-A-C-D 

2. AjBD-A-B-C 

3. AsBD-AsBCjD-B-D 

4. AjBCjD-B-C-D 


The method which has been described can be applied to systems of any number 
of components, involving any number of secondary systems. When dealing 
with a system involving a large number of secondary systems, the use of tables 
showing the relation of secondary systems to boundary expressions is not con- 
venient, since they must be rearranged repeatedly as the work proceeds. In 
such cases, it is more satisfactory to use cards, one for each secondary system, 
indicating on each card the sign for each boundary expression. The cards can 
be rearranged when necessary, and separated into groups and subgroups. When 
a system is divided into two systems, the card for that system is replaced by 
two cards, each representing one of the two parts of the system. 

3. Primary to secondary conversion following use of classification key 
In some instances a classification key may be used to determine the secondary 
system in which a composition lies, but this may be merely a preliminary step 
in performing a primary to secondary conversion. In the course of applying 
the key, the expressions for the boundaries of the secondary system which is 
sought are always among those evaluated. It will be a convenience, then, if 
these expressions, in molar form, can be used directly in primary to secondary 
conversion, to obtain the secondary composition in percentage form. What we 
seek for this purpose is a series of equations in which the quantities of primary 
components are expressed in moles, and those of the secondary components in 
grams, in some specified total quantity. As an example, let us consider the 
system CS-CjAS-CAS 2 (system 10 in figure 2). For this system we found 
previously that : 

Moles CS =X = (C-HS - 3A)/2 (5a) 

Moles C 2 AS = Y = (C 4- A - S)/2 (6a) 

Moles CASj = Z = (A 4- S - C)/2 (7a) 

In these equations the quantities of both primary and secondary components 

refer to the number of moles in any total weight of material, this total quantity of 
material being the same throughout. Let us specify that the total quantity is 
100 g. Then, if X, Y, and Z represent percentages of CS, CjAS, and CASs 
(grams per 100 g.), respectively, 

X = -JL. Y -_L- z - ^ 

116.14 274.16 278.14 
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Substituting in equations 6a-7a: 

Per cent CS = X = 58.07(C + S - 3A) 

Per cent CjAS = F = 137.08(C + A - S) 

Per cent OASj = if = 139.07(A + S - C) 

The expressions in parentheses are encountered and evaluated in the course 

of applying the classification key (table 1) to any composition in system 10. 
After locating compositions in this system, the values of these expressions may 
be multiplied by the indicated constants to obtain the percentages of CS, C2AS, 
and C'ASj. In general, if the classification key is used to determine the secondary 
system in which a composition lies, expressions evaluated in that process may 
be used for a direct computation of secondary composition. It should be noted 
that the signs of some expressions used in this manner may be reversed. For 
example, the expression A + S — C in the third equation corresponds to the 
expression C — A — S in the table. After evaluating these expressions in 
applying the key, the secondary composition is easily computed. 

It will be noted that in method 2 (table 1) the quantities C, A, and S represent 
the number of moles of C, A, and S in 5608 g. of material, not 100 g. If the 
above equations are applied to values of boundary expressions obtained by 
method 2, the values of X, V, and Z will be 56.08 times the percentage sought. 
In that case, the coefficients of the boundary expressions in these equations are 
divided by 56.08, obtaining: 

Per cent CS = X = 1 .0355 (C + S - 3A) (7c) 

Per cent CjAS = F = 2.4444 (C + S - A) (8c) 

Per cent CAS^ = Z = 2.4799 (A + S - C) (9c) 

These equations are derived for the conversion of primary compositions to 

secondary compositions after determining by method 2 (table 1) that the com- 
positions are in system CS-C2AS-C’AS2 (system 10 in figure 2). Similar equa- 
tions for all of the secondary systems in the system Ca0-Al208-Si02 are shown 
in table 2, to illustrate the manner in which a classification key may be supple- 
mented by primary to secondaiy conversion equations of this type. 

4. Division of multicomponent systems into secondary systems 

The division of a primary system into secondary systems may be based upon 
differences in characteristics of compositions in the various systems. The 
division of the system Ca0-Al203-Si02 (figure 1) is an example of this kind, 
since the secondary systems differ from one another with reference to final 
products of crystallization of liquids in those systems. On the other hand, 
the division into secondary sg^stems may be arbitrary, merely^for the purpose 
of classification. In any case, the secondary systems must be mutually ex- 
clusive. This condition is easily met in the case of a ternary system, but the 
graphic methods suitable for a ternary system can not be employed in the division 
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of a astern of many components into secondary i^stems. For such e^ystems 
it is necessary to use other methods of determining whethei' secondary systems 
which are selected are mutually exclusive. Certain helpful principles will be 
discussed briefly. 

When two secondary systems are adjacent, they will have iV — 1 components ' 
in common. For example, the adjacent systems AB-B2C-A8BD-CsD and 


TABLE 2 


Conversion equations for system CaO-AljO»-SiOi 
C >■ per cent CaO 
A = 0.6501 (per cent A1»0,) 

S “ 0.9337 (per cent SiOj) , 


as in method 2 in table 1 


SYSTEM 

PER- 
CENT- 
AQE OF 

EQUATIONS 

SYSTEM 

P£R> 
CENT- 
AGF. OF 


fc.s 

« 4.0710S 


fCA 

1 

jCaO 

« C - 3A - 3S 

8 

C*AS 


[C,A 

- 4.8178A 


lO,A, 


fc.s 

- 4.0710(C - 3A - 2S) 


[AljOa 

2 

(C,S 

=* 3.0710(3A 4- 3S - C) 

9 

^CjAS 


ic,A 

- 4.8178A 


ic,A. 


fc.s 

« 3.0710S 


[cs 

3 

C.A 

- 5.8178(30 - 6A - 68) 

10... 

C 2 AS 


[C*Aj 

« 10.4533(3A + 2S - C) 


[CAS 2 


0,8 

- 3.0710S 


[cs 

4 

C^i 

- 6.2266(0 - A - 28) 

11 ... 

SiOj 


CA. 

- 1.4089(6 A +68 - 30) 


[CASj 


(0,8 

- 3.0710(0 - A - 8) 


[AI 2 O, 

6 

|CA 

- 2.8178(0 - 28) 

12 .. . 

^CjAS 


[C,AS 

- 4.8888(A + 28 - 0) 


[CASi 


(0,8 

- 3.0710(20 - A - 38) 


[CASs 



0,8, 

- 6.1419(28 - 0) 

13 

]AaS2 


(0,AS 

» 4.8888A 


[auo, 


0,8, 

- 6.1419(0 - A - 8) 


CAS, 

7 

C,A8 

- 4.8888A 

14 

' AiS, 


08 

- 2.0710(A + 38-20) 


SiO, 


EQVATIONS 


1.4089(6C - 3A - 7S) 
4.8888S 

6.0444(A + S - C) 

0.6069(3A + 7S - 5C) 
4.8888S 

4.0296(C - 2S) 

1.0366(C + S - 3A) 
2.4444(C + A - S) 
2.4799(A + S - C) 

2.0710(C - A) 

1.0710(8 - A - C) 
4.9697A 

0.6050(3A - C - S) 
1.6296(2C - S) 
1.6632(28 - C) 

4.9697C 

3.7976(8 - 20 
0.9089(4C + 2A- 38) 

4.9697C 
2.6317(A - C) 
0.3670(38 - 2A - 4C) 


B»C-A*BD-C*D-AD have three components in common, forming the ternary 
system BsC-A»BD-C!*D, which is the common, boundary. However, the fact 
that the two systems have N — 1 components in common does not necessarily 
indicate that they are adjacent systems, and therefore mutually exclusive. The 
components not held in common, that is, AB and AD, must be on opposite sides 
of the ternary system BjC-AaBD-CjD. To determine whether this is true, we 
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find the equation for the ternary system by the determinant method. The 
equation is: 

♦ 

5A ~ 3B + 6C - 12D = 0 

Substituting the compositions AB and AD in the boundary expression, we obtain 
values of unlike sign, +2 and —7, respectively. This indicates that the sys- 
tems are adjacent. When values of like sign are found, it is indicated that the 
systems have a common boundary, but are on the same side of that boundary, 
and consequently overlap. 

By applying tests of this kind it is possible to develop a scheme of classifica- 
tion of compositions for a system of any number of components, with no over- 
lapping systeips. 

IV. Systems of Less Than (N — 1) Components 

In dealing with systems of not more than four components, relations between 
quantities of the components may be represented geometrically by points, 
curves, surfaces, or volumes. Analytical expressions may be referred to such 
geometrical figures. For example, an equation involving components of a 
ternary system is called the equation of a particular line or curve. In formu- 
lating general relations, without reference to coordinate systems, it is preferable 
to refer to the number of degrees of freedom with respect to composition only. 

An V-component system has (N — 1) degrees of freedom. A single equation 
defining a relation between components reduces the number of degrees of freedom 
by 1. Since the primary system has (V — 1) degrees of freedom, the equation 
defines an aggregate ♦)f compositions with (N — 2) degrees of freedom. If the 
equation is linear, the equation defines an {N — l)-(;omponent system, with 
(JV — 2) degi’ces of freedom. 

Two equations may be introduced to define an aggregate of compositions 
which satisfy both. In geometrical terms we would say that the geometrical 
figure defined by the two equations is the intersection of the figures defined by 
each alone. The number of degrees of freedom is two less than that of the 
primarj^ system, or (N — 3). If the equations are linear, they define a system 
of (N — 2) components, with {N — 3) degrees of freedom. 

Since we are concerned only with linear relations at present, we may state 
the general principle that to define an n-component system within a system of 
N components, {N — n) equations are required, and the number of degrees of 
freedom is (n — 1). For example, a quaternary system has three degrees of 
freedom, and is therefore capable of being represented by a space model. In 
that system, a single linear equation defines a ternary system, with two degrees 
of freedom, that is, a plane. Two linear equations restrict compositions to 
those which are on both planes, and consequently on the intersection of the 
planes. The intersection is a line, which has one degree of freedom. Similarly, 
three equations restrict compositions to the intersection of three planes, and 
consequently define a single composition, which has zero degrees of freedom. 
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Since (N — n) lineax equations are required to define a secondary syetem of n 
components, it is apparent that the niunber of equations required to define a 
system of a given number of components increases with N. For example, a 
binary system in a ternary system may be defined by a single equation, but a 
binary system in a quaternary system can not be defined by a single equation, 
two equations being required. Because this leads to difficulties in defining 
systems of a small number of components within a primary system of a consider- 
ably greater number of components, there is a temptation to try to simplify 
the situation by operating on the equations to reduce their number. For 
example, if two equations representing a system have been found, it may be 
supposed that if one of the variables common to the equations is eliminated, 
resulting in a single equation, this equation alone will define the system. To 
demonstrate the effect of such a procedure, we shall consider the boundary 
systems indicated below, in the hypothetical quaternary system A-B-C-D. 
Their equations, in molar forms, are shown at the right. 

System Equation 

AsBC-ACaDi-AB 2A - 2B - 2C -|- D = 0 (23) 

A2BC-ACJD4-CD A-3B-f-C-D=0 (24) 

In the space model of the quaternary system these systems are planes. The 
binary system A2BC-ACaD4 is represented b>' the straight line formed by the 
intersection of these planes. It is defined by equations 23 and 24, taken as a 
pair, since any composition in the binary system will satisfy both equations. 
Now let us follow the procedure in question, adding equations 23 and 24 to 
eliminate D. The following equation is obtained: • 

3A - 5B - C = 0 (25) 

Equation 25 is the equation of the ternary system AsBa-ACs-D, and is satisfied 
by any composition in that system. This system is a plane. It includes the 
binary system A2BC-AC3D4, since A2BC can be formed by combining 1 mole of 
AjBj with 1 mole of AC3, and AC3D4 by combining 1 mole of AC3 with 4 moles 
of D. All that has been accomplished by the procedure is to find another plane 
intersecting the first two planes on a single straight line, A2BC-AC3D4. Equa- 
tion 25 does not define the binary system, since there are an infinite number of 
compositions which satisfy the equation, but which are not in the binary system. 

The N—n equations required to define an n-component system may include 
an equation indicating that the quantity of one of the primary components is 
ssCTO, or it may include several equations of this kind. For example, an n- 
component system may be on the A-B-C face of the space model of the qua- 
ternary system A-B-C-D. In that case D = 0 is one of the equations defining 
the 7i-component system. 

A. LIMITING CONDITIONS FOR SYSTEMS NOT PASSING THROUGH 
PRIMARY SYSTEM 

It was mentioned earlier (page 707) that the equation of an (iV — J)-com- 
ponent lystem represents a system extending to the boundaries of the primary 
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system. If the equation has been derived with reference to a given (N — l)-com- 
ponent system not extending to the boundaries of the primary system, the 
equation is satisfied by all compositions within the given system, and also by 
all compositions in the extension of that system. For example, equation 8, 
representing the system (V^S-OASz (figure 2), applies not only to that system, 
but also to its extensions to C3A and S3A on the boundaries of the primary 
system. That is, the equation does not completely define the system CjAS- 
CAS2. In general, the N — n equations for an n-component i^stem do not 
completely define a system if the system does not extend to the boundaries of 
the primary system. To define the system completely it is necessary to indicate 
limiting conditions. 

It is a simple matter to indicate the limits of a binary system in an AT-com- 
ponent system. For example, the limits of the binary system C2AS-CAS4 
may be indicated by stating maximum and minimum percentages, or molar 
proportions, of one of the primary components. Another method will be 
described, however, since it suggests a general method which may be applied 
to systems of any number of components. 

Referring to figure 2 , let us consider system 10, the ternary system C2AS- 
CAS2-CS, with reference to the problem of indicating the limits of the system 
C2AS-C.\S2. The boundary expression C + A — S is positive for all composi- 
tions in the system C2AS-CAS2, but is negative for compositions on the extension 
of that system toward the S-A side of the triangle. Similarly, the expression 
C — A — S is negative for compositions in the system C2AS-CAS2, but positive 
for compositions on its extension in the opposite direction. Thus, the system 
C2AS-CAS2 may be completely defined by its equation, C -1- S — 3A = 0, and 
the limiting conditions that both C - 4 - A — S and A -H S — C are positive or 
zero. 

System 10 (figure 2 ) has been used to illustrate a method of using boundary 
expressions in defining the limits of a binary system within a ternary system. 
Any ternary system in which two of the components are C2AS and CAS2 can be 
taken as a basis for the limiting conditions needed for completely defining the 
binary system C2AS-CAS2. For example, system 12 could have been selected. 
Or, if desired, any composition in the primary system may be selected to form 
a ternary system with (I2AS and CAS2, provided that it is not in the system 
C2AS-CAS2. In the general method of completely defining n-component ^- 
tems, which will now be described, an JV-component system is formed by the 
addition of N — n components, selected arbitrarily. These added components 
are preferably primary components, since the limiting conditions are usually 
more simple. This may be seen in the case of the binary system C2AS-CAS2 
(figure 2 ). It will be noted that system 12, in which A is the component added, 
leads to more simple limiting conditions than system 10. 

B. GENBKAL METHOB FOB MULTICOMPONENT SYSTEMS 

A method of completely defining any system of n components will be illustrated 
by the problem of defining the ternary sy^em AB2C*D“AaBCE-AC2E in the 
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hypothetical system A-B-C-D-E. Here JV — n = 2, so that it is known that 
two equations are required to define the system, including its extensions to the 
boundaries of the primary system. These equations and th^ limiting conditions 
are to be found. 

The first step in the procedure is to set up a system of N components (in 
this case N ^ 5) in which the components of the system to be defined are in- 
cluded as components, and the remaining components are selected arbitrarily. 
The latter arc selected one by one, each time making sure that the substances 
selected as components can not be formed from any of the others in any pro- 
portions, positive or negative. Following this procedure, w'e have obtained 
the secondary system ABjCsD-AjBC/E-ACiE-A-B. This system is bounded 
by the five quaternary systems listed below. 


System 

1. AB2C»D-A2BCE-AC2E-A 

Equation 

B + C - 7D-2£ = 0 

2. AB2CiD-A2BCE-AC2E-B 

A -f C 

- 6D - 3£ = 0 

3. ABjCsD-AjBCE-A-B 

C - 5D 

- £ = 0 

4. AB 2 C 6 D-AC 2 E-A-B 

C - 5D 

- 2£ = 0 

5. A 2 BCE-AC 2 E-A-B 

D = 0 



All three of the components of the ternary system under consideration (the 
system ABsC»D-A 2 BCE-ACjE) are components of systems 1 and 2. The 
equations of these systems are satisfied by the components of the ternary system. 
This pair of equations defines the ternary system, but includes its extensions 
to the boundaries of the primary system. The limiting conditions needed to 
exclude these extensions are supplied by the boundary expressions for the re- 
maining systems. System 5 may be ignored, since its equation indicates that 
it is on one of the boundaries of the primary system. System 3 lacks the AC’ 2 E 
component of the ternary system. Substituting this composition in the ex- 
pression C — 5D — £, we obtain 2 — 0 — l,or-M. Since a positive value is 
obtained, the limiting condition in this case is that C — 5D — E must be zero 
or positive, or that £ must not be greater than C — 5D. Similarly we find from 
the boundary expression for system 4 that £ must not be less than 1/2(C — 5D). 
The ternary system is therefore completely define^ by the following equations 
and inequalities. If any one of them is not satisfied by a particular composition, 
the composition is not in the ternary system AB 2 CsD-AjBCE-AC 2 E. If the 
equations are both satisfied, but either -of the inequalities is not, the composi- 
tion is in an extension of the ternary system: 

B-|-C-7D-2E = 0 

A+C-6D-3£ = 0 

£ >(C - 5D) 

£ < 1/2(C - 6D) 
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A hypothetical system has been used to illustrate the general method. In 
the case of a real system, the equations and inequalities completely defining an 
n-component system may be converted to a percentage basis, by the method 
described on page 702. 

The equations and inequalities necessary to define an w-component system 
completely are sometimes rather simple. As an example, let us consider the 
ternary system K20-Al203*2Si02-Ca0*Mg0-2Si02-Si02 in the five>component 
system K20~Ca0-'Mg0“-Al203~Si()2.^ Following the plan of designating pri- 
mary components by single letters, the problem may be stated as that of defining 
the system KAS2~CMS2-S in the system K-C-M-A-S. By the method just 
described, the ternary S5'^stem may be completely defined in molar form as 
follows: 


K - A - 0 (26) 

C ~ M = 0 (27) 

S < (2A + 2M) (28) 

These relations are expressed in percentage form below, as obtained by the 
method described on page 702. 

K - 0.9240A - 0 (26a) 

C - 1.3909ilf = 0 (27a) 

S < (1,1783A + 2.9792il/) (28a) 


Either set of equations and inequalities fully defines the system IVAS2-CMS2--S. 
They are satisfied by all compositions in that system, while no compositions 
outside of that syKStem will satisfy all three relations. 

V. Phase Systems 

In the sense in which the term “system*^ is used in this paper, any substances 
in a primal’}^ system may be taken as components in any system of N com- 
ponents or less, provided that none of these substances can be formed from the 
others in any proportions, positive or negative. It is therefore possible to 
treat phases as components of a system, for the purpose of estimating phase 
composition^ that is, the proportions of phases at equilibrium under specific 
conditions. A system in which the components are phases will be referred to 
as a phase system. In the interpretation of data on phase equilibria the phases 
selected as components are those which are capable of coexisting at equilibrium 
at a specific temperature and pressure. Since we shall deal only with condensed 
systems in discussing phase systems, pressure and the presence of a vapor phase 
will be ignored. For problems involving AT-component phase systems, such as 
those concerned with invariant points and univariant curves, intrinsic equations 
are useful. For phase systems of less than N components, it is usually more 

* This problem has been selected because it has been previously treated from the stand- 
point of analytic geometry by Morey (2). 
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coQveoieat to use parametric equations, ccmsidered in another paper. It wiJl 
be sufficient at this time to con^e our study to the peculiar problems encoun- 
tered in dealing with equilibria at invariant points. 

At an invariant point, N crystalline phases may exist in equilibrium with a 
liquid of invariant point composition, at a particular temp^ture. There are 
consequently N + I phases capable of coexisting at equilibrium at that tempera- 
ture. If it is possible to obtain the liquid composition by mixing the crystalline 
phases in positive proportions, the invariant point is a eutectic; otherwise it is a 
peritectic. In most instances, a peritectic composition may be obtained from 
the crsrstalline phases in proportions involving a negative quantity. 

When the liquid arrives at an invariant point during the course of cr 3 r 8 taili 2 a- 
tion, N phases may be present. Changes in phase composition occur as heat 
is removed, but without change of temperature. During this interval, W -f 1 
phases may be present. The quantity of one of these phases decreases as heat 
is removed, and that phase hnally disappears. When this occurs, there are 
less than iV -f 1 phases present, and further removal of heat results in a drop in 
temperature. It therefore appears that N + 1 phases are present only in the 
interval between maximum and minimum heat content at the invariant tem- 
perature. Our interest is in the phase composition at maximum and minimum 
heat content at that temperature. In considering phase composition at an 
invariant point at maximum or minimu m heat content, each combination of N 
phases which can be formed from the iV + 1 phases capable of coexisting at 
equilibrium at the invariant point temperature may be taken as components 
of a phase system. Examples will be selected from Rankin and Wright’s (3) 
report of their investigation of the system CaO-AljOs-SiO*. 

A. EQUILIBRIA AT A EUTECTIC POINT (PRIMARY COMPOSITIONS) 

As an example of the application of analytical methods to equilibria at a 
eutectic point, we shall consider the invariant point 49.5 per cent CaO, 43.7 per 
cent AUO», 6.8 per cent SiO*, which is the composition of a liquid capable of 
existing in equilibrium with the crystalline phases, CiS, C»A«, and CA, at 1335°C. 
Since these phases are essentially pure compounds, we have two possible methods 
of attack, that is, we may express compositions in percentages of either primary 
or secondary components. The latter form has advantages when dealing with 
pure crystalline compounds, but offers no advantages when solid solutions are 
involved. The method which will now be considered, in which compositions 
are expressed in percentages of primary components, is not limited to problems 
involving pure compounds as phases. 

The primary compositions of the phases under consideration are shown in 
the following table, with the s}nnbol8 which will be used to designate the phases: 


1 


X 

CfS 

y 

CiAi 

z 

CA 

£ 

Liquid 

c 

CaO 

65.18 


36.49 

49.5 

A 

AlA 



64.61 

43.7 

s 

SiOs 

34.87 



6.8 
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Taking the four phases in combinations of three, we may set up the follow- 
ing phase systems: 

1. CsAa-CA-E 

2. CjS-CA-E 

3. CsS-CiAj-E 

4. C*S-C.As-CA 

Since the invariant point is a eutectic it can be recognized at once that systems 
1-3 are systems of maximum heat content at 1335°C., and that system 4 is a 
system of minimum heat content. Systems 1-3 are included in system 4. 
All compositions which are composed of CsAa, CA, and liquid E when the liquid 
arrives at E during the course of crystallization are in system 1. Similarly, 
systems 2 and 3 define the range of compositions which have the liquid phase 
and the indicated solid phases present when the liquid arrives at E during 
crystallization. The phase composition at maximum heat content at 1335®C. 
may be estimated by treating these phase systems as secondary systems, and 
deriving primary to secondary conversion equations. To illustrate the pro- 
cedure, it will be sufficient to perform this operation for one of the three systems. 
(Choosing system 2, the following equations may be set up from the table: 

0.6513X + 0.3549Z + 0.495E = C 

0.6451Z -1- 0.437£? = A 

0.3487A^ +0.068E=S 

Solving: 

Per cent CjS = X = - 1.529(7 + 0.841.4 -f 5.7235 (34) 

Per cent CA = Z = - 5.3100 -f 4.471A + 9.9185 (35) 

Per cent liquid = E = 7.838C - 4.312A - 14.0415 (30) 

Values of X, Z, and E will be'positive for all compositions which are composed 
of crystalline CjS, CA, and liquid E when equilibrium is attained at 1335°C. with 
maximum heat content. The equations not only serve in estimating phase 
composition, but also define the limits of the phase system. Compositions in 
this system arrive at the invariant point from the univariant curve representing 
liquids capable of existing in equilibrium with CjS and C.\ at definite tempera- 
tures above that of the invariant point. 

B. EQUILIBRIUM AT A EUTECTIC POINT (SECONDARY COMPOSITIONS) 

Although the method just described is applicable in any case, whether the 
crystalline phases are pure compounds or solid solutions, it was illustrated by an 
example in Avhich these phases are pure compounds. This was done in order to 
provide a comparison by dealing with the same problem by the method now to be 
described, with compositions expressed in percentages of secondary components. 
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In this case the secondary components are CaS, C(Ai, and CA. The first step in 
the procedure is to derive equations for primary to secondary conversion by the 
methods described on page 702. The equations so obtained are as follows: 

Per cent CjS = x - 2.86765 

Per cent CsA, = y = 5.2266C' - 2.8763^ - 9.76065 

Per cent CA = z = 3.8763 A + 7.89315 - 4.2266C 

As noted previously, the liquid at the invariant point has the composition 
49.6 per cent C, 43.7 per cent A, 6.8 per cent S. Substituting in the above equa- 
tions, the secondary composition of the liquid is found to be 19.50 per cent CaS, 
66.69 per cent CsAj, 13.81 per cent CA. The secondary compositions of the four 
phases may now be tabulated in the same manner as in the previous table, as 
follows: 


PHASES 


COMPONENTS 



X 

CjS 

Y 

C*A, 

z 

CA 

£ 

Liquid 

a; CaS 

100.0 



19.50 

f^CgAi 


100.0 


66.69 

zOk 



100.0 

13.81 


It should be noted that x, y, and z refer to percentages of three compounds as 
components of a secondary system, without reference to their actual presence as 
compounds or phases. On the other hand, X, Y, and % refer to these compounds 
as crystalline phases. When no liquid is present, .Y, T, and Z are identical with 
X, y and z, respectively. Equations for system 2 can now be set up, as follows: 

Y + 0.19505 = X 

0.66695 = y 

Z -1- 0.13815 = z 

Solving: 

Per cent C 2 S = Y = x — 0.292j/ (34a) 

Per cent CA Z — z — 0.207y (35a) 

Per cent liquid = 5 = 1.499y (36a) 

These equations may be applied directly to compositions expressed in per- 
centages of C 2 S, CsA», and CA, to determine the percentages of crystalline phases 
CiS and CA, and liquid E, when equilibrium is attained at 1335°C. with maximum 
heat content. Similar equations may be obtained for systems 1 and 3. 

C. EQUIUBBIA AT A PBBITECTIC POINT 

As noted previously, a peritectic liquid cannot be formed by positive propor- 
tiems of the crystalline phases with which it is capable of existing in a state of 
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equilibrium. For example, a liquid of the composition 58.3 per cent CaO, 
33.0 per cent AUOa, 8.7 per cent Si02 (an invariant point) may exist in equilib- 
rium with the crystalline phases, CaS, C 2 S, and CaA, at 1455°C. However, 
conversion of this composition into terms of these phases leads to the composition 
— 50.52 per cent CaS, 63.06 per cent C 2 S, 87.46 per cent C 3 A. The fact that a 
negative value appears indicates that the point is outside of the system CS~ 
C 2 S“-C 3 A, and is therefore a peritectic. The point is located in a direction op- 
posite th6 component which is negative. In this case, the point is outside of the 
system in a direction away from the CaS vertex. This may be seen in figure 3, 
in which the peritectic composition is designated as P. 



All mixtures which may be composed of the four phases C 3 S, C 2 S, C 3 A, and 
liquid P at equilibrium at 1455®C. are located in the quadrilateral CsS-*C 2 S~ 
CsA-P in figure 3. This area is divided into ternary phase systems of maximum 
heat content by the line CaS-P, and into systems of minimum heat content by 
the line C 2 S~C 3 A. We thus have the following phase systems: 

Systems of maximum heat content 

1. C 3 S-C 2 S-P 

2. CaS-CaA-P 

Systems of minimum heat content 

3. CaS-CaS-CaA 

4. CjS-CaA-P 

It will be observed that liquid P and the component which is negative, in this 
case CaS, in the secondary composition of P are both represented in systems 1 and 
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2. This is a critmon by which phase systeois of maximum heat coutent may be 
recoipused without reference to a diagram. It may be applied to ssrstmns of any 
munber of components. That is, after designating the various J\r-oomponent 
systems which may be formed from the peritectic liquid, and the N crystalline 
phases with which it can exist in equilibrium, the critaion may be applied in 
distinguishing between phase systems of maximum and minimum heat content. 

Equations for estimation of phase composition at maximum or minim um heat 
content are derived in the same manner as for equilibria at a eutectic point, 
whether compositions are expressed in terms primary or of secondary com- 
ponents. It should be noted, however, that if compositions are expressed in 
terms of secondary components, these components should be the crystalline 
phases with which the liquid may exist at equilibrium. Although this principle 
should be foUowed in deriving equations for estimating phase composition, it is 
sometimes convenient to convert the equations into terms of other components. 
For example, phase system 4, CsS-C»A-P, is not in the system C*S-C»S-C»A, but 
in the adjacent system CjS-C|A-C»Ag. The equations for system 4 derived in 
terms of C*S, CsS, and C*A, may be converted into terms of CjS, CaA, and C»A« 
if they are to be applied to compositions in the latter system. 

The example just considered is typical of the usual condition, in which the 
crystalline phases which may exist in equilibrium with a peritectic liquid may 
be taken as components of a secondary system (N components). That is, none 
of these crystalline phases can be formed from the others, in any proportions. 
This is not the case when a crystalline phase decomposes at the invariant point 
temperature. As an example, a liquid Pi, of the composition 68.4 per cent CaO, 
9.2 per cent AUO», 22.4 per cent SiOj, may exist in equilibrium with CaO, C»S, 
and C*S at 1900"C. At that temperature C*S is in equilibrium with its decom- 
position products, CaO aiid CsS, and with liquid Pi. Both CaO and CsS may 
exist in equilibrium with liquid Pi at maximum heat content at 1900°C., while 
at minimum heat content both can not be present. The phase systems are 
therefore as follows: 

Maximum heat content 
CaO-CsS-Pi 

Minimum heat content 
CaO-CsS-P, 

C,S-C,S-P, 

The fact that there are two phase systems of minimum heat content in which 
liquid Pi is a component indicates that on two univariant ciuves, (/) between the 
CaO and CsS primary phase regions and (JS) between the CsS and CsS primary 
phase regions, the direction of falling temperatures is away from Pi. 

Upon determining the phase systems of minimum and maximum heat content, 
equations for estimating phase composition at 1900°C. under either of these 
Qimditions may be derived as previously described. 
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VL Summary 

Properties and applications of intrinsic equations, that is, equations derived 
without reference to coordinate axes, are described, with particular attention to 
their usefulness in the analytical treatment of multicomponent systems. Equa- 
tions of this type may be derived directly in terms of composition without 
considering geometric relations, and may be applied to multicomponent systems 
without the necessity of thinking in terms of hyperspace. Specific applications 
discussed are conversion of compositions from one system of components to 
another, the classification of compositions with reference to the individual 
systems in which they lie, and the estimation of the proportions of phases at an 
invariant point. 

A system of n components within an AT-component system is defined by 
N — n intrinsic equations. It is suggested that when the necessary number of 
intrinsic eciuations is large, parametric equations may be employed more con- 
veniently. The application of equations of the latter type will be considered in 
another paper (in preparation). 
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The dependence of the specificity of a biologically active molecule upon its 
size and shap>e has lieen a generally recognized phenomenon in the field of 
immunology (12), as well as in other biological fields (21). Much work has 
been done in correlating isomorphism and physiological specificity (14), in order 
to test the idea that any two isosteric molecules which are isomorphous, as shown 
by the fact that they form solid solutions with one another, may also have similar 
biological activities.’ 
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The work reported in this and a subsequent paper represents part of a program 
begun in these laboratories to correlate isconorphism and serological cross- 
reactivity. The substances chosen for this research were simple and substituted 
aromatic carboxylic acids. These substances are soluble at serological pH, mak- 
ing possible their use as haptens, and their melting points lie in a range 
(100-300°C.) convenient for the ready determination of phase relationships. 
The results of the serological studies will be reported elsewhere. 

HATBRIALS 

The following commercially available reagents were reciystallized from water 
to constant melting point: p-toluic acid, m.p. 177-178®C.; o-toluic acid, m.p. 
104r-105®C.; p-bromotenzoic acid, m.p. 252-253°C.; nicotinic acid, m.p. 233‘’C.; 
benzoic acid, m.p. 121-122®C.; pyrazinecarboxylic acid, m.p. 224-226®C. (dec.); 
picolinic acid, m.p. 136-137®C.; furoic acid, m.p. 132-133®C.; isonicotinic acid, 
m.p. 312-314°C. (dec.), reported: 317“C. (26); 315'’C. (2). 

The following acids were prepared by methods previously reported in the 
literature. 

6-ThimoUcarboxylic add was prepared as follows: Ethyl formate was con- 
densed with ethyl chloroacetate, and the resulting formylchloroacetic acid ethyl 
ester (32) was reacted with thioformamide to give 5-carhethoxythiazole (6). 
Hydrolysis of this ester (6) gave 5-thiazolecarboxylic acid; after recrystallizations 
from water the acid melted at 218-220®C. (dec.) (reported, 218®C. (7)). 

2- ThwphenecarhoxyUc add was prepared by iodinating thiophene (16) and 
converting the resulting 2-iodothiophene into the desired acid by the Grignarcl 
synthesis (25). Successive reciystallizations from water and ligroin-benzene 
afforded needles, m.p. 127-128“C. 

S-Thiophenecarhoxylic add was prepared by the following series of reactions: 
Ethyl crotonate (15) was reacted with potassium cyanide and barium hydroxide 
to give methylsuccinic acid (9). The sodium salt of the acid was heated with 
phosphorus trisulfide to give a 23 per cent jield of 3-methylthiophene (31). The 
procedure for the ring closure was based on the preparation of thiophene by 
Phillips (22). Oxidation of 3-methylthiophene (4, 17) gave a 4 per cent yield 
of 3-thiophenecarboxylic acid. Successive recrystallizations from water and 
ligroin-benzene and subsequent sublimation gave colorless platelets, m.p. 137- 
138*0. 

3- Methyl-3-thiopkenecarboxylic add (23) was prepared by iodinating 3-methyl- 
thiophene (c/. 16), preparing the Grignard reagent of the resulting 2-iodo-3- 
methylthiophene, forming the carbon dioxide adduct, and hydrolyzing to give 
the desired acid (m.p. 146-147*0. after three recrystallizations from water). 

5-Bromo-S-{hiophenecarboxylic add, m.p. 140-141*0., was prepared by the 
direct bromination of 2-thiophenecarboxylic acid in glacial acetic acid (27). 

5-Methyl-3-thiophenecarboxyUc add was prepared as follows: Levulinic acid 
was heated with phosphorus trisulfide to give a 9 per cent yield of 2-methyl- 
thiophene (11), the procedure of Phillips (22) being employed. lodination 
(c/. 16) of that compound yielded 5-iodo-2-methylthiophene, which was con- 
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Fig. 1. Benzoic acid (A) veratLS furoic acid: O, point on phase boundary 


Per cent A 

0 

10.4 

21.7 

28.9 

42.0 

48.6 

57.0 

66.9 

77.5 

86.5 

100 

Thawing point . . . 

132 

85.6 

85.1 

85.0 

85.3 

85.5 

85.0 

85.0 

85.1 

85.1 

121 

Melting point 

133 

127.2 

124.0 

121.5 

114.5 

109.2 

95.2 

96.0 

105.5 

110.8 

122 


A eutectic is formed at 60 per cent A and 85®C. There is no indication of solid-solution 
formation. 



Fig. 2. Benzoic acid (A) versus picolinic acid; O, point on phase boundary 


Per cent A 

0 

11.6 

18.6 

30.3 

38.3 

46.5 

58.8 

67.2 

75.5 

86.6 

100 

Thawing point — 

136 

88.4 

87.6 

86.4 

87.0 

87.2 

87.4 

87.0 

87.6 

87.6 

21 

Melting point 

137 

134.2 

131.0 

123.8 

116.0 

107.4 

102.4 

107.4 

111.4 

116.2 

122 


A eutectic is formed at 53 per cent A and 115^C« There is no indication of solid-solution 
formation. 







Fig. 3. Benzoic acid (A) versuB nicotinic acid: O, point on phase boundary 


Per cent A 

0 

9.0 

20.0 

28.6 

45.4 

59.5 

66.6 

79.8 

89.0 

96.8 

100 

Thawing point — 

233 

115.0 

115.4 

115.4 

114.2 

115.0 

114.6 

114.0 

113.6 

lU.O 

121 

Melting point 

233 

227.6 

217.6 

211.2 

195.8 

184.0 

169.8 

142.2 

117.8 

120.4 

122 


A eutectic is formed at 90 per cent A and There is no indication of solid^solution 

ormation. 



Fig. 4. Benzoic acid (A) versus isonicotinic acid. O, point on phase boundary; At 
beginning of decomposition. 


Per cent A 

0 

8.1 

36.8 

53.9 

61.8 

68.4 

81.8 

89.4 

96.1 

100 

Thawing point. . . . 

312 

118.6 

115.4 

115.0 

115.0 

115.0 

114.8 

115.4 

115.4 


Melting point.. V.. 

314* 

304* 

282.8 

265.4 

264.2 

255.4 

225.2 

199.4 

158.8 



Decomposes* 

A eutectic is formed at ca. 99 per cent A and 115®C. There is no indication of solid* 
solution formation. 
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Fio. 5. Benzoic acid (A) versus pyrazinecarboxylic acid. O, point on phase boundary; 
A, beginning of decomposition; 0, point not representing an equilibrium condition (such 
as melting point after decomposition has set in). 


Per cent A . 
Thawing 

0 

9.1 

18.8 

25.8 

36.8 

41.8 

56.6 

62.6 

75.0 

87.2 

95.8 

.00 

point. . . . 
Decomposi- 

224 

111.8 

114.0 

115.0 

113.0 

114.6 

113.6 

114.4 

114.6 

114.4 

114.0 

121 

tion point 
Melting 

224 

189.8 

189.0 

188.6 

179.8 

176.0 

170.6 

167.2 

164.2 




point 

226 

205.0 

204.2 

203.2 

198.4 

194.2 

186.2 

1 184.0 

173.4 

159.4 

127.8 

122 


A eutectic is formed at ca. 98 per cent A and 114®C. Decomposition in the region 0-80 
per cent A above 165°C. makes the liquidus indeterminate. There is no indication of Bolid> 
solution formation. 



Fig. 6. Benzoic acid (A) versus 5-thiazolecarboxylic acid. O, point on phase boundary; 
A, beginning of decomposition; 0, point not representing an equilibrium condition (such 
as melting point after decomposition has set in). 


Per cent A 

0 

7.6 

22.0 

32.7 
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78.6 

93.3 

100 

Thawing point 

218 

111.4 

109.6 

111.0 

111.2 

110.6 

111.0 

111.6 

121 

Decomposition 










point 

218 

192.8 

183.6 

178.6 

169.6 

167.8 




Melting point 

220 

203.5 

199.4 

195.4 

185.0 

172.4 

152.0 

120.0 

122 


A Eutectic is formed at 96 per cent A and Decomposition in the region 0-70 per 

cent A above 170®0. makes the liquidus indeterminate. There is no indication of solid- 
solution formation. 










Fio. 7. Benzoic acid (A) verstta 2-pyrrolecarboxylic acid. O, point on phase boundary; 
A> beginning of decomposition; 0, point not representing an equilibrium condition (such 
as melting point after decomposition has set in) ; , uncertain interpolation. 


Per cent A 

0 

10.3 

20.6 

28.7 

38.3 

49.0 

61.1 

70.7 

81.4 

91.0 

100 

Thawing point . , . . 
Decomposition 

190 

116.8 

115.6 

113.2 

115.6 

116.4 

115.0 

116.8 

115.4 

115.6 
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point 

190 

158.4 

150.6 

142.4 

140.6 

132.4 

136.0 

129.6 

133.8 

127.0 


Melting point 

190 

180.4 

178.4 

176.2 

172.8 

171.2 

165.0 

158.2 

153.2 

127.6 

122 


A eutectic is formed at 93 per cent A and 115®C. Decomposition in the region 9-90 
per cent A above 130^C. makes the liquidus indeterminate. There is no indication of 
solid'solution formation. 



Fio. 8. Benzoic acid (A) versus 2-thiophenecarboxylic acid. O, point on phase bound* 
ary; — uncertain interpolation. 
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A 
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95.6 
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97.6 
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Melting 
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118.6 

115.2 

112.0 

110.2 

109.2 

104.8 

109.2 
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116.2 

117.0 

120.6 

122 


A eutectic is formed at 63 per cent A and 96®C. There is an indication of solubility at 
ca. 90 per cent A. 
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Fig. 9. Benzoic acid (A) versus 3-thiophenecarboxylic acid: O, point on phase boundary 


Per cent A 
Thawing point. . . 
Melting point 

0 

137 

138 

9.5 
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61.5 

66.2 

70.2 

76.1 

79.4 

80.0 

87.5 

90.0 

95.0 
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100.6 
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Melting point 
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108.8 
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116.0 
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119.0 

120.0 
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A eutectic is formed at 40 per cent A and 103®C., and there is an indication of solubility 
at ca. 90 per cent A. The region 40-80 per cent A does not lend itself to ready interpretation. 
However, there might be another eutectic at ca. 64 per cent A and 103®C., and an addition 
compound at ca. 53 per cent A (m. p., 109°C.). A 1:1 compound would be at 49 per cent A 



Fig. 10. o-Toluic acid (A) versus 3-methyl -2-thiophenecarboxylic acid: O, point on 

phase boundary 
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Partial solid-solution formation exists, with a eutectic at 75 per cent A and 88°C., and 
a solubility gap over the range 48-100 per cent A. 
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Fig. 11. p-Toluic acid (A) versus 5>methyl>2-thiophenecarboxylic acid; O, point 

on phase boundary 


Per cent A 

n 

9.4 

19.2 

27.9 

45.0 




79.5 


100 

Thawing point 


116.6 


116.2 

115.6 

116.2 

116.4 

116.2 

116.8 

154.2 

177 

Melting point , ... 

H 

133.2 


127.4 

144.4 


151.8 

159.0 

165.4 

173.4 

178 


A eutectic is formed at 25 per cent A and 116**C., with solid solution taking place at 
concentrations above 80 per cent A. 



Fio. 12. p>Bromobenzoic acid (A) verstts 5>bromo-2-thiophenecarboxylic acid. O, 
point on phase boundary; initial melting with subsequent resolidification. 


Per cent A 

0 

5.0 

18.4 

25.7 

39.3 

43.4 

58.8 


80.6 

84.6 

100 

Thawing point — 

140 

mi 

137.6 

137.6 

137.8 

137.6 

137.4 

137.8 

137.8 

137. S* 

252 

Melting point 

141 

a 






237.8 

245.6 

249.0 

253 


* Resolidifies. 

A ei|tectic is formed at 3 per cent A and 138^0. Above 80 per cent A solid-solution 
formation seems to take place, but the large range made the determination of resolidifica- 
tion and remelting highly uncertain. 
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Fig. 13. p-Toluic acid (A) versus 5-bromo-2-thiophenecarboxylic acid: O, point 

on phase boundary 


Per cent A . . . 

0 

6.6 

19.0 

28.5 

39.8 

49.1 

68.0 

69.6 

86.9 

100 

Thawing point . . 

140 

134.2 

134.2 

133.6 

133.8 

135.2 

135.4 

134.6 

154.2 

177 

Melting p»oint . . 

141 

139.6 

138.2 

146.2 

150.6 

157.0 

162.0 

168.8 

175.8 

178 


A eutectic is formed at 14 per cent A and 134°C., with solid<solution formation taking 
place at concentrations above 75 per cent A. 



Fig. 14. 5-Methyl -2-thiophenecarboxylic acid (A) verstts 5-bromo-2-thiophenecarboxylic 


acid.*^ O, point on phase boundary; q, initial melting with subsequent solidification. 


Per cent 
A..., 

0 

11.8 

19.7 

25.2 

28.8 

37.9 

60.0 

52.3 

60.2 

64.0 

72.8 

75.9 

84.8 

88.8 

100 

Thawing 

point. 

140 

135.0 

128.6 

127.4 

119.0 

118.2 

117.1 

117.2 

117.2 

117.4 

117.2 

117.0 

124.8 

128.6 

138 

Melting 
point . 

141 

|140.2 

139.0 

137.8 

135.4 

I 

133.0 

129.0 

|124.8 

125.2 

127.6 

128.8 

131.4 

133.6 

136.0 

139 


* This relationship was included because of its general interest with respect to figures 
10 to 13, despite the fact that it is not included under the general title of this paper. 

Partial solid solution takes place, with eutectic at 66 per cent A and IIT^C. and a gap at 
81-~77 per cent A. 
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verted to 6-methyl-2-thiophenecarboxylic acid (24), m.p. 138-139^0., by the 
Grignard synthesis. 

i-PyrroUcarhoxylic acid (8, 19) was obtained in a 24 per cent yield by treating 
pyrrole with methylmagnesium iodide, forming the carbon dioxide adduct, 
and hydrolyzing. The acid melted at 190®C. (dec.). 

EXPERIMENTAL PROCEDURE 

The procedure consisted in observing the thawing-melting behavior of mixtures 
of known composition. The mixtures were prepared by thoroughly mixing 
weighed amounts of the two components. Two capillaries were filled with the 
mixture and sealed at one end (the two samples gave a check on the homogeneity 
of the mixture). The capillaries rested next to the junction of a thermocouple 
in a hot stage (30) which was mounted on a polarizing microscope. Heating 
rates were kept at 2° ^ per minute. The thawing points (beginning of 
melting) were observed by reflected light, while the melting points were observed 
by transmitted light. 

Decarboxylation often took place before all of the solid had melted. This 
has the effect of lowering the liquidus but does not affect the solidus. Decomposi- 
tion points and the subsequent melting points, represented by suitably modified 
symbols, have been recorded. These points, which will be referred to as in- 
determinate, should not be taken as representing true phase boundaries, and no 
curve has been drawn through them. 

The accuracy of the method, as judged by the reproducibility of the results, 
is db2®C. for the thawing and melting points and =t:4®C. for the decomposition 
points (beginning of decarboxylation as judged by the evolution of bubbles). 

DATA 

The data given on the following pages are represented by phase diagrams and 
tabulations. The codrdinates are temperature (°C.) and composition (weight 
per cent); the compositions refer to the component indicated on the diagram. 
The diameter of the circles and the height of the triangles indicate the precision 
of the measurements. 


DISCUSSION 

The following conclusions can be reached from a study of the phase relation- 
ships investigated: 

1. Benzoic acid is not isomorphous with any of the heterocyclic acids (Cia- 
micianand Garelli (3) report solid-solution formation for the pairs benzoic acid: 
2-thiophenecarboxylic acid and benzoic acid : 2-pyrrolecarboxylic acid. However 
their results, by the nature of their experiments, are of questionable value (for 
more detailed criticism, c/. 10)). In the case of 2- and 3-thiophenecarboxylic 
acids, there does exist an indication of solubility at about 90 per cent benzoic 
acid, due, probably, to the remarkable similarity in many of the physical prop- 
erties of benzene and thiophene (5, 28). This insolubility of benzoic acid in 
heterocyclic acids would suggest that the specificity of hydrogen bonding (orien- 
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tation, strength) in crystals of these acids is sufficient to prevent mutual solu- 
bility in the solid state. In this connection it may be noted that 2- and 3- 
thiophenecarboxylic acids form with each other only partial solid solutions with 
a considerable solubility gap (29). 

2. While 2-thiophenecarboxylic acid is only ca. 10 per cent soluble in benzoic 
acid, the 5-substituted (Br, CHs) 2-thiophenecarboxylic acids are about 20 per 
cent soluble in the corresponding para-substituted benzoic acids. In the case 
of an ortho substituent, the solubility becomes greater: o-toluic acid is about 
50 per cent soluble in 3-methyl-2-thiophenecarboxylic acid. This increase in 
solubility, which is significant, is another manifestation of the ‘‘ortho effect^^ 

(1). Of interest in this connection is the observation (13) that of the three nitro- 
benzoic acids, only the o-isomer will form solid solutions (with o-toluic, o-chloro- 
benzoic, and o-bromobenzoic acids). 

3. The isomorphogeny of Br and CHg is maintained: 5-bromo-2- thiophene- 
carboxylic acid is 18 per cent soluble in p-toluic acid. Furthermore, 5-methyl- 
and 5-bromo-2-thiophenecarboxylic acids are soluble in each other. 

The results of this work made it of interest to investigate the solubility of the 
different heterocyclic acids in each other. This work is reported in a subsequent 
paper. 


SUMMARY 

In connection with a study of the relation between serological specificity and 
solid solubility, fourteen binary phase relationships have been investigated, the 
components being aromatic carboxylic acids. 

The thiophenecarboxylic acids form very limited solid solutions with benzoic 
acid, which is not isomorphous with any of the other heterocyclic acids investi- 
gated. Isomorphism is noted with some methyl- and bromo-substituted benzoic 
and thiophenecarboxylic acids. 

The author wishes to express his appreciation to Professor Linus Pauling for 
suggesting this problem. 
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In connection with a study of the relation of isomorphism to serological cross- 
reactivity (8), the phase relationships of several unsubstituted heterocyclic 
aromatic carboxylic acids were investigated. The preparation of the materials 
and the experimental procedure have been previously described (8). 

DATA 

The data and results are presented in figures 1-11 and the corresponding 
tables. 
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Fig. 1, Picolinic acid (A) versus nicotinic acid. O, point on phase boundary; A, be- 
ginning of decomposition; 0, point not representing an equilibrium condition (such as 
melting point after decomposition has set in); q, initial melting with subsequent resolidi- 
hcation. 


Per cent A. . 


0 

7.5 

20.0 

28.4 

39.3 

48.6 

54.2 

67.3 

81.6 

95.5 

100 

Thawing point 


233 

125* 

120.4 

121.6 

119.8 

123.0 

122.2 

121.6 

120.2 

122.2 

136 

Decomposition 













point 



215.8 

189.0 

180.0 

171.6 

164.2 

170.8 





Melting point . 


233 

230.2 

219.2 

217.4 

201.2 

188.0 

186.8 

167.8 

138.2 

136.0 

137 

* Resolidifies 













A eutectic is formed at 87 per cent A and 122®C. 

Decomposition in 

the region 0-60 per 

cent A above 165®C. makes the liquidus indeterminate. There is an indication that solid 

solution takes place at concentrations below 10 per cent 

A. 
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Fig. 2. Isonicotinic acid (A) versus nicotinic acid. O, point on phase boundary; A, 

beginning of decomposition; 0, point not representing 

an equilibrium condition (such 

as melting point after decomposition has set in). 







Per cent A 


0 

9.0 

20.0 

31,1 

41.7 

50.5 

61.7 

70.5 

81.2 

90.0 

100 

Thawing point . 


233 

215.8 

215,6 

214,0 

217.0 

215.0 

215.6 

215.0 

213.2 

215.2 

312 

Melting point . . 


233 

231.0 

224.6 

258.4 

271.0 

280.2 

290.0 

297* 

297* 

300* 

314* 


* Decomposes at 292^0. 

A eutectic is formed at 18 per cent A and 215®C. Decomposition in the region 70-100 
per cent A above 292®C. makes the liquidus indeterminate. There is no indication of 





Fig. 3. Isonicoti&ic acid (A) vers-us picolinic acid. O, point on phase boundary; A, 
beginning of decomposition; (D, point not representing an equilibrium condition (such as 
melting point after decomposition has set in). 


Per cent A 

0 

9.5 

18.4 

29.3 

39.8 

46.7 

60.8 

70.8 

80.5 

90.5 

100 

Thawing point . . . 

136 

132.0 

131.4 

131.2 

131.2 

132.4 

132.4 

132.4 

132.4 

132.4 

312 

Decomposition 












point 


166 

166 

166 

166 

166 

184.0 





Melting point 

137 

200.8 

216.8 

231.2 

1 






314 


A eutectic is formed at ca. 2 per cent A and 132®C. Decomposition above 165®C. makes 
the liquidus indeterminate. There is no indication of solid -solution formation. 



% PiCOLiMC Aao 


Fig. 4. Picolinic acid (A) versus pyrazinecarboxylic acid, O, point on phase boundary; 
A} beginning of decomposition; 0, point not representing an equilibrium condition (such 


as melting point after decomposition has set in); initial melting with subsequent 
resolidification. • 


Per cent A 

0 

10.8 

20.4 

29.0 

40.4 

50.5 

60.8 

68.0 

80.3 

92.4 

100 

Thawing point 

224 

179.4* 

129.8 

130.6 

130.8 

130.4 

129.6 

130.6 

129.8 

129.4 

136 

Decomposition 

224 

192.2 

180.4 

169.6 

163.0 

158.4 

156.0 

156.0 

167.8 



Melting point 

226 

208.8 

202.6 

200.2 

194.8 

192.4 

186.6 

180.8 

164.2 

139.6 

137 


* Initially melted at Idl.4**C., then resolidified. 

A eutectic is formed at ^ per cent A and 130*^0. Decomposition in the region 0-35 per 
cent A above makes the liquidus indeterminate. Solid -solution formation is indi- 








Fia. 6. Nicotinic acid (A) versus pyrazinecarboxylic acid. O, point on phase boundary; 
A, beginning of decomposition; 0, point not representing an equilibrium condition (such 
as melting point after decomposition has set in) ; , uncertain interpolation. 


Per cent A 

0 

8.9 

17.1 

29.7 

37.7 

50.0 

59.6 

71.5 

77.1 

88.3 

100 

Thawing point* . . 

224 

212.8 

208.8 

207.8 

205.2 

201.2 

202.6 

202.6 

202.0 

213.8 

233 

Melting point .... 

226 

215.6 

214.0 

211.6 

207.6 

207.0 

208.6 

215.2 

I 

219.8 

228.6 

233 


* Identical with decomposition point (excepting the 100 per cent coordinate). 

Partial solid-solution formation is shown, with a eutectic at 55 per cent A and 202®C., 
and a solubility gap over the range 50-82 per cent A. Decomposition at the solidus makes 
the phase boundaries indeterminate. 



Pig. 6 . Isonicotinic acid (A) versus pyrazinecarboxylic acid. O, point on phase bound- 
ary; A) beginning of decomposition; 0, point not representing an equilibrium condition 
(such as melting point after decomposition has set in) ; , uncertain interpolation. 


Per cent A 

0 

10.3 

20.2 

30.0 

38.5 

49.0 

59.5 

72.8 

86.8 

100 

Thawing point*. . . 

224 

206.8 

207.4 

208.2 

207.0 

206.8 

209.4 

207.6 

206.8 

312 

Melting point 

226 

214.2 

230.8 

252.2 





308 

314 


* Identical with decomposition point. 

A eutectic is formed at 12 per cent A and 207**C. Decomposition at the solidus makes 
the phase boundaries indeterminate. There is no indication of solid-solution formation. 
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Fia. 7. Nicotinic acid (A) versus 5-thiazoleearboxylic acid. O, point on phase bound- 
ary; A, beginning of decomposition; 0, point not representing an equilibrium condition 
(such as melting point after decomposition has set in); , uncertain interpolation. 


Per cent A 

0 

5.9 

19.0 

34.8 

48.3 

62.3 

77.8 

93.3 

100 

Thawing point* . . . 

218 

199.0 

200.8 

201.4 

205.0 

210.8 

217.4 

227.0 

233 

Melting point 

220 

209.8 

206.0 

206.6 

208.8 

217.0 

223.0 

232.4 

233 


* Identical with decomposition point (except for 100 per cent coordinate). 

Partial solid-solution formation is indicated, with a eutectic at 26 per cent A and 200°C. 
and a solubility gap over the range 0-35 per cent A. Decomposition at the solidus makes 
the phase boundaries indeterminate. 



Fio. 8. 2-Thiophenecarboxylic acid (A) versus 5-thiazolecarboxylic acid. 0> point on 
phase boundary; A, beginning of decomposition; 0, i>oint not representing an equilibrium 
condition (such as melting point after decomposition has set in). * 


Per cent A 

0 

5,2 

19.4 

35.9 

46.8 

63.8 

74.1 

95.0 

100 

Thawing point 

218 

118.2 

115.0 

114.8 

116.4 

114.2 

114.2 

116.0 

127 

Decomposition 

point 

Melting point 

! 

218 

220 

200.4 

209.4 

182.6 

201.8 

174.8 

192.2 

166.8 

183.6 

163.4 

176.2 

159.6 

124.6 

128 


A euteclic is formed at 89 per cent A and 116^0. Decomposition in the region 0-70 per 
cent A above IdS'Xy. makes the liquidus indeterminate. There is no indication of solid- 
solution formation. 
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Fig. 9. 2-Thioplienecarboxylic acid (A) versus furoic acid: O, point on phase boundary 


Per cent A 

0 

7.8 

18.8 

33.3 

37.8 

49.2 

57.9 

71.5 

78.0 

85.2 

90.8 

95.5 

100 

Thawing 














point . 

132 i 

120.5 

112.0 

102.2 

100.9 

100.0 

j 98.8 

101.2 

101.1 

106.1 

106.7 

111.4 

127 

Melting 

I 

1 













point . 

133 

131.0 i 

1 

127.2 

1 

118.0 

115.2 

107.6 

106.8 

113.0 

115.2 

122.6 

123.4 

126.3 

128 


The two compounds form solid solutions with a minimum at 54 per cent A and 100®C. 
Owing to the fiatness of the minimum, the diagram might also be interpreted by assuming 
partial solid-solut ion formation, with a eutectic at 54 per cent A and 100°C. and a solubility 
gap over the range 38-77 per cent A. 



Fig. 10. 2-Pyrrolecarboxylic acid (A) versus furoic acid. O, point on phase boundary; 
A, beginning of decomposition; 0, point not representing an equilibrium condition (such 
as melting point after decomposition has set in) ; , uncertain interpolation. 


Per cent A .... 

0 

8.7 

18.6 

29.6 

39.8 

49.0 

58.5 

70.5 

80.2 

90.0 

100 

Thawing point . 

132 

125.2 

123.2 

122.6 

124.0 

125.4 

124.0 

125.2 

126.4 

125.6 

190 

Decomposition 












point . . . . . 1 


127 

127 

127 

127 

127 

127 

127 

127 

143.8 

190 

Melting point ... 

133 

129.2 

131.4 

144.6 

149.6 

i 


166.8 



190 


A eutectic is formed at 15 per cent A and 124®C. Decomposition at the solidus makes 
the phase boundaries indeterminate. There is no indication of solid-solution formation. 
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Fig. 11. 2-Pyrrolecarboxylic acid (A) versus 2-thiopheiiecarboxylic acid. O, point on 
phase boundary; A, beginning of decomposition; CD, point not representing an equilibrium 

condition (such as melting point after decomposition has set in); q, initial melting with 
subsequent resolidification; , uncertain interpolation. 


Per cent A 

0 

9.7 

19.4 

29.0 

38.7 

48.2 

59.4 

75.5 

82.6 

100 

Thawing point — 
Decomposition 

127 

121,8 

121.8 

126.0 

126.4 

126.0 

125.2 

134.2* 

141.6* 

190 

point 

Melting point 

128 

129.4 

129.4 

130.0 

140.6 

131.2 

154.6 

130.6 

158.4 

129.8 

164.0 

130.0 

134.2 

141.6 

190 

190 


♦ Initially melted at 126 .4®C., then resolidified. 

A eutectic is formed at ca. 5 per cent A and 124^0. Decomposition at the solidus makes 
the phase boundaries indeterminate. Solid-solution formation is indicated at concentra- 
tions above 60-70 per cent A. 
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DISCUSSION 

In all but one of the binary systems reported in this paper, and in three of the 
systems reported in the previous communication (8), decomposition made either 
the liquidus or both liquidus and solidus indeterminate. It is, therefore, im- 
perative to discuss the decarboxylation and its eflfect on the meaning of the 
phase boundaries, before proceeding to an interpretation of the phase relation- 
ships themselves. 

The acids for which decomposition was observed are picolinic acid, pyrazine- 
carboxylic acid, 2-pyrrolecarboxylic acid, 5-thiazolecarboxylic acid, and iso- 
nicotinic acid. The following are the conclusions drawn from the decomposition 
behavior of these acids: 

(а) Decarboxylation, as judged by the evolution of gas, takes place most 
readily when a liquid phase has been established. While it is not out of the 
question that a surface effect is involved when the two-phase system is estab- 
lished, it seems more likely that the acids simply decarboxylate most readily 
when they are in the liquid state, i.e., melted or in solution (c/. in this connection 
reference 5). 

(б) At small concentrations of a given decarboxylating component, the be- 
ginning of decarboxylation (again judged by incipient bubble formation) appears 
to occur at a constant temperature. This temperature, which is constant within 
about 5®C.,® seems to be independent of the other acid component in the binary 
systems which were studied in this research, and it may be above or below the 
melting point of the decarboxylating component. 

As the concentration of the decarboxylating component becomes appreciable, 
the decarboxylation temperature l^egins to rise. This may be interpreted to 
mean that at higher concentrations, the liquid decarboxylating component is 
able to retain to a larger degree the structure it has in the solid, corresponding 
to an apparent stabilizing effect. 

It should be pointed out that the decarboxylation temperatures recorded in 
table 1 are not to be compared with other decarboxylating temperatures (4, 7, 
9, 10), the term applying only to a given set of experimental conditions and 
procedures. 

The two conclusions discussed above at once lead to the very interesting result 
that a solidus, even though it coincides with a decarboxylation curve, may be 
used in the interpretation of phase relationships. As an example, the decarboxy- 
lation temperature of 5-thiazolecarboxyIic acid is ca. 170®C,, to judge from the 
binary systems it forms with benzoic acid (8) and 2-thiophenecarboxylic acid 
(figure 8). In the system 5-thiazolecarboxylic acid-nicotinic acid (figure 7), 
the solidus lies above 170®C. over the whole range of compositions. At any 
point on the solidus, as soon as liquid begins to form, decomposition sets in. 

* Below the itnmediate neighborhood of the “decarboxylation temperature’* the rate of 
decarboxylation rapidly becomes small enough so that the fraction of acid which decar- 
Soxylated in the time of the experiment and up to the neighborhood of the decarboxylation 
temperature may safelj’^ be neglected. 
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In the particular case under discussion^ the diagram may be interpreted to 
indicate solid-soluticm formation, since (jdde supra) any point on this debarbos^la- 
tion curve-solidus still signifies the point at which a liquid phase bej^ to be 
established. 

Having justified the interpretation erf our phase diagrams despite decarboxyla- 
tion solidi, we may proceed to the discussion pr(q)er. 

(1) The three pyridinecarboxylic acids are insoluble in each other (picolinic 
acid is very slightly soluble in nicotinic acid). The intermolecular bonding in 
crystals of these substances, no doubt involving complex hydrogen bonding of 
the amino acid type (1,6), may differ considerably for the three isomeric acids, 
owing to the difference in the relative positions of the ring nitrogen and the 
carboxyl group. We can thus explain the low solubility of the pyridinecarboxylic 
acids in each other. 

Of interest are the systems which the three pyridinecarboxylic acids form with 
pyrazinecarboxylic acid (figures 4, 5, 6). Isonicotinic acid and pyrazine- 

TABLE 1 


Decarboxylation temperaturet for five heterocyclic acids 


CASBOXYtlC ACID 

UELTINO POINT 

DECAPBOXYLATION 

TBlCPEPATtniE 


*C. 

"C. 

2-Pyridinecarboxylic acid 

136-137 

ca, m* 

P 3 rra 2 inecarboxylic acid 

224-226 (dec.) 

ca. 170 

2-Pyrr6lecarboxylic acid 

190 (dec.) 

ca. 130 

5-Thiazolecarboxylic acid 

218-220 (dec.) 

ca. 170 

4-Pyridinecarboxylic acid 

312-314 (dec.) 

ca. 300 


*Cf. in this connection Schenkel and Klein (11). 


carboxylic acid are insoluble in each other; picolinic acid is about 20 per cent 
soluble in pyrazinecarboxylic acid; nicotinic acid forms solid solutions with 
pyrazinecarboxylic acid having but a relatively small solubility gap (50-82 per 
cent nicotinic acid). The first result is expected from the insolubility of iso- 
nicotinic acid in picolinic and nicotinic acids. The fact that pyrazinecarboxylic 
acid is a much better solvent for nicotinic acid than for picolinic acid suggests 
that its intermolecular bonding resembles more closely that of nicotinic acid than 
that of picolinic acid. Strength is lent to this argument by the fact that the 
melting points of pyrazinecarboxylic acid and nicotinic acid are very close. 

(2) While 5-thiazolecarboxyIic acid does not form solid solutions with 2- 
thiophenecarboxylic acid, it is soluble in nicotinic acid (figure 7). This result 
clearly indicates that interchanging a — CH*=CH — and a t—S — in a molecule 
already highly specifically bonded (such as nicotinic acid) has little effect on the 
intermolecular array, whereas it may be sufficient otherwise (as in benzoic acid 
(8)) to prevent isomorphism. It also shows that the interchange of a =®CH — 
and an =“N — under those circumstances will prevent isomorphism. The 
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results strongly suggest that the heteronitrogen is involved in intermolecular 
bonding and the heterosulfur is not. 

In connection with the isomorphism of the thiazole and pyridine rings, it may 
be noted that 8-hydroxyquinoline and 4-hydroxybenzothiazole are isomorphous 

(2) but the pairs nicotinamide :5-thiazolecarboxamide, 2,2'-dithiazolyl:2,2'- 
dipyridyl, 4,4'-dithiazolyl:2,2'-dipyridyl, and 2,2'-dithiazolyl:4,4'-dithiazolyl 

(3) do not form solid solutions. An explanation of this fact is not obvious. 

(S) The interpretation of the phase diagrams which involve as components 

the five-membered ring acids (pyrrole-, furan-, and thiophene-carboxylic acids) 
is not straightforward. 2-Pyrrolecarboxylic acid appears not to be isomorphous 
with the other two acids, although some solubility is indicated with 2-thiophene- 
carboxylic acid. However, 2-thiophenecarboxylic acid forms solid solutions 
with furoic acid. This result is unexpected (especially in view of the mutual 
insolubility of 2-thiophenecarboxylic acid and benzoic acid) and not readily 
interpre table. 


SUMMARY 

1 . In connection with a study of the relation between serological specificity 
and solid solubility, eleven binary phase relationships have been investigated, the 
components being heterocyclic aromatic carboxylic acids. 

2. The phase behavior of pairs involving picolinic, nicotinic, isonicotinic, and 
pyrazinecarboxylic acids may be explained on the basis of a difference in hydrogen 
bonding in ciystals of these acids. 

3. The isomorphism of thiazole and pyridine has been substantiated. 

The author wishes to express his appreciation to Professor Linus Pauling for 
suggesting this problem and for many valuable discussions. 
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OQUIDUS-SOLIDUS POINTS OF THE MANGANESE-NICKEL 

SYSTEM* 
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Department of Chemietry, Univereity of Utah, Salt Lake City, Utah 

Received Augtut It, 194 ? 

lliis investigation was undertaken because of the currently enhanced interest 
in manganese, and because of the scarcity of reliable data cmiceming it and its 
alloys. Through the kindness of Dr. C. Travis Andersen of the U. S. Bureau of 
Mines, we were supplied with alloys made up from electrol 3 rtie manganese and 
other pure metals, in the present case manganese and nickel cmly. The alloys 
were melted in an electrical resistance furnace designed for the purpose.* The 
crucibles in which the melting and cooling of the alloys were carried out were 
made from granular alundum, the interior of the crucibles being 10 mm. wide 
by 45 mm. deep. Temperature measurements were made by means of a thermo- 
couple of No. 22 B & S chromel and alumel wires. 

The furnace was very carefully broken in by slowly increasing the current in 
small increments, and in all runs the temperature was gradually raised to the 
desired range over a period of several hours. The samples for the most part 
were prepared in rods J in. in diameter, and about 1 in. of such a rod was used 
as an individual sample. In order to prevent oxidation the samples were placed 
in the alundum sample container (| in. inside diameter and If in. deep) only 
after the furnace temperature was considerably over the estimated melting point 
of the sample. As soon as the samples had been in the furnace long enough to 
reach furnace temperature, the alundum-covered thermocouple was pushed into 
the sample, and the current through the furnace was decreased to 2.5-3 amp. as 
a base which was held constant while the readings were being taken. This 
procedure was adopted to prevent too rapid cooling of the samples. As soon 
as the temperature started to fall, the voltage generated in the thermocouple 
was accurately measured and recorded every half-minute. The Bureau of 
Standards’ conversion table for chromel-ahunel thermocouples was used to 
find the temperature corresponding to each millivolt reading, and cooling curves 
were plotted with data so obtained. At the end of each run the standard cell 
was again used to check the Eklison cell to be certain that it had remained 
constant. After each run the thermocouple was cut off and a new junction was 
prepared and covered with alundum as before. 

results 

The cooling curve shown in figure 1 was obtained from a run on an alloy 
containing 70 per cent manganese and % per cent nickel, and was one of the 
better curves obtained. 

I Contribution No. 75 from the Chemical Laboratories of the University of Utah. This 
investigation was carried out from October 1941 until April 1942. 

' The detmls of this furnace will be supplied to anyone upon request. 
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Runs were made on several alloys with the results given in table 1. The 
temperature-composition diagram is shown in figure 2. 

The manganese and nickel used in these results were of high purity; both were 
electrolytic and ran about 99.8 per cent by standard methods of analysis. Not 



all samples were analysed at the end of the experiment, but those analyzed in- 
dicated practically no contamination or oxide formation. 

It is believed that our manganese samples are purer than those used by other 
investigators (1, 2, 3), although not all the articles referred to are available at 
this institution. 
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TABLE 1 
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Chemical Abstracts does not give us this information. Our work is in fail- 
agreement with the results published by M. Hansen (3). 

SUMMARY 

The liquidus-solidus points of manganese-nickel alloys from 35 per cent 
manganese-65 per cent nickel to 80 per cent manganese-20 per cent nickel have 
been determined. 
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THE VISC^OSITY OF SOLUTIONS OF PRIMARY ALCOHOLS AND 
FATTY ACIDS IN BENZENE AND IN CARBON 
TETRACHLORIDE 

W, J. JONES, S. T. BOWDEN, W. W. YARNOLD, and W. H. JONES 
Taicm LaboratorieSj University College^ Cardiff ^ Wales 

Received May £8, 1947 
INTRODUCTION 

The viscosity of solutions of ethyl alcohol and acetic acid in benzene has l>een 
investigated by Dunstan (9) and by Muchin (21), of solutions of w-propyl alcohol 
in benzene by Dunstan and by Spells (24), and of solutions of certain butyl and 
amyl alcohols, other than n-butyl and n-amyl, in lx?nzene by Muchin and by 
Spells. Dunstan found that at 25V. in benzene ethyl alcohol gave a minimum 
viscosity at 6 per cent of the alcohol, n-propyl alcohol at 5 per cent of the alcohol, 
and acetic acid at 11 per cent of the acid. Findlay (10) determined the viscosity 
of solutions of methyl and ethyl alcohols in benzene, and of ethyl alcohol in 
carbon tetrachloride, at the boiling point of the solutions, and found maxima in 
the first and third systems, but not with ethyl alcohol in benzene. Staudiiiger 
and Ochiai (25) investigated the viscosity of dilute solutions of the fatty acids 
from n-caprylic acid to cerotic acid in carbon tetrachloride at 20V. and observed 
that the viscosity increased proportionally to the chain length of the acid. 

The present work was undertaken for the purpose of finding how viscosity 
varied with composition for the whole range of solutions from one pure component 
to the other at 25V. in binary systems of alcohols and Ix^nzene, fatty ac-ids and 
benzene, alcohols and carbon tetrachloride, and fatty acids and carbon tetra- 
chloride; in particular, it was sought to ascertain how the positions of minima of 
viscosity shifted as the homologous series of alcohols and acids were ascended. 
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A limit was set to the investigation by the freezing point of the substances of 
higher molecular weight, by their availability ccwnmercially in a reasonably pure 
state, and by the work already accomplished by Dunstan and by Muchin. 

PURIFICATION OF SUBSTANCES 

The distilled water employed in standardizations of the viscometers was 
prepared with all the precautions usual in purifying water for electrical conduc- 
tivity work. To remove dissolved air, it was heated to 100®C. immediately 
before use. 

"" All the substances used in the measurements were the purest obtainable com- 
mercially, and were further purified by the fdlowing methods. Thiophene-free 
benzene was subjected to repeated processes of partial freezing and rejection 
of the liquid phase, and finally was dried by distillation from sodium wire; it 
froze at 5.5®C. and boiled at 80.1®C. Carbon tetrachloride of analytical grade was 
dried over calcium chloride and fractionated through an eight-pear column; 
its boiling point was 76.7®C. The alcohols were dried over lime and then dis- 
tilled from calcium turnings or from sodium wire. The liquid fatty acids were 
purified by distillation. Acetic acid and n-caprylic acid were subjected to the 
fractional freezing process before distillation. 

Each substance was purified in one large quantity, and not in separate batches, 
in order to ensure constancy of its viscosity and density throughout the series 
of measurements in which it was used. 

VISCOSITY MEASUREMENTS 

The measurements were made with Ostwald-type viscometers, each of which 
had been selected for the uniformity and circularity of the capillary bore, and in 
accordance with the recommendations and data given by Barr (2), and then had 
been tested that the times of flow of standard pure liquids of viscosities within 
the range for which it was used were, within 0.1 per cent, proportional to their 
kinematic viscosities. The viscometers had been designed to render drainage 
and surface-tension errors negligible. In order to prevent intrusion of dust 
and loss by evaporation, each instrument was provided with an inverted glass 
U-tube attachment connecting, through a glass tap of wide bore, the tops of the 
two limbs. Before use, the viscometer was cleaned with dichromate-^ulfuric 
acid, thoroughly washed with dust-free conductivity water, and dried with a 
filtered current of air that had been passed over calcium chloride and phosphorus 
pentoxide. For the actual measurements the viscometer was clamped to a rigid 
brass holder, and set to the vertical by means of a plumb-line and levelling screws, 
in a thermostat maintained at 25.00°C. ± 0.01°. The times of flow were noted 
by means of a stop-watch, which was tested against a standard chronometer at 
frequent intervals. 

The densities of the pure liquids and solutions, which were made up in stop- 
pered bottles by weighing with standard weights, were determined by means of 
pycnometers of the Sprengel type, and all weighings were corrected for air dis- 
placement. 



TABLE 1 

ViBcosity of binary ByBieme at 26^ C. 


PESCENTAGE 







COltPOSXTZON 

DENSITY 

VISCOSITY 

DENSITY 

VISCOSITY 

DENSITY 

VISCOSITY 

BY WEICMBT 








fi-Butyl alcohol-benzene 

ft-Amyl alcohol-benzene 

f»-Hexyl alcohol-benzene 

0 

0.8731 

0.603 

0.8731 

0.603 

0.8731 

0.603 

5 

0.8689 

0.604 

0.8690 

0.616 


0.615 

10 

0.8650 

0.620 

0.8651 

0.641 

0.8654 

0.633 

15 

0.8610 

0.640 

0.8613 

0.669 

0.8620 

0.663 

20 

0.8570 

0.664 

0.8574 

0.709 

0.8587 

0.709 

40 

0.8433 

0.842 

0.8435 

0.936 

0.8456 

0.980 

50 

0.8367 

1.006 

0.^77 

1.132 

0.8396 

1.195 

60 

0.8304 

1.178 

0.8312 

1.360 

0.8338 

1.605 • 

80 

0.8180 

1.684 

0.8194 

1.963 

0.8230 

2.444 

loa 

0.8064 

2.587 

0.8083 

3.347 

0.8124 

4.329 


Butyric acid-benzene 

M-Valeric acid-benzene 

f»-Caproic acid-benzene 

0 

0.8731 

0.603 

0.8731 

0.603 

0.8731 

0.603 

5 

0.8767 

0.612 

0.8753 

0.620 

0.8749 

0.626 

10 

0.8797 

0.624 

0.8779 

0.639 

0.8769 

0.653 

15 

0.8832 

0.639 


0.662 

0.8789 

0.684 

20 

0.8864 

0.656 

0.8828 

0.687 

0.8809 

0.718 

40 

0.9013 

0.747 

0.8943 

0.825 

0.8902 

0.908 

50 

0.9094 

0.808 


0.920 

0.8960 

1.058 

60 

0.9171 

0.903 

0.9072 

1.062 

0.9003 

1.284 

80 

0.9345 

1,100 

0.9203 

1.436 

0.9116 

1.844 

100 

0.9535 

1.466 

0.9344 

1.970 

0.9238 

2.814 


M-Heptylic acid-benzene 

l•*Caprylic acid-benzene 

Methyl alcohol-carbon 
tetrachloride 

0 

0.8731 

0,603 

0.8731 

■61 

1.5844 

0.902 

5 


0.631 

0,8743 


1.5085 

0.858 

10 

0.8761 

0.666 

0.8754 

0.680 

1.4398 

0.854 

15 

0.8777 

0.705 

0.8764 

0.727 

1.3771 

0.846 

20 

0.8795 

0.752 

0.8776 

0.781 

1.3228 

0.831 

40 

0.8869 

0.990 

0.8833 


1.1320 

0.746 

50 

0.8906 

1.168 


1.295 

1.0529 

0.702 

60 

0.8942 

1.490 


1.591 

0.9887 

0.665 

80 

0.9029 

2,300 



0.8758 

0.599 

100 

0,9130 

3.784 


5.16 

0.7865 

0.552 


Ethyl alcohol-carbon 

fi-Pr<^yl akohol-carbon 

n-Butyl alcohol-carbon 


tetrachloride 

tetrachloride 

tetrachloride 

0 

1.5844 


1.5844 

0.902 

1.5844 

0.902 

5 

1.5069 

0.872 

1.5093 

0.903 

1.5101 

0.918 

10 

1.4378 

0.886 

1.4437 

0.946 

1.4447 

0.975 

15 

1.3752 



1.012 

1.3827 

1.046 

20 

1.3195 

0.947 

1.3271 

1.089 

1.3301 

1.135 

40 

1.1313 


1.1427 

1.409 

1.1462 

1.560 

50 

1.0522 

1.064 

1,0654 

1.554 

1.0695 

1.794 

60 

0.9877 

1.079 

1.0017 

■iM 

1.0023 

1.979 

80 

0.8746 

1,091 

0.8902 


0.8942 

2.325 

100 

0.7851 

1.093 

0.8015 


0.8064 

2.687 
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TABLE 1 — Conelwkd 



fi>Heiyl alcofaol'-carbon 
tetrachloride 

y^Heptyl alcohol-carbon 
tetrachloride 

MhOctyl alcohoi-ciirbon 
tetrachloride 


1.5844 

0.902 

1.5844 

0.902 

1.6844 

0.902 

5 

1.5119 

0.961 

1.5123 

0.9^ 

1.5129 

I.OOO 


1.4467 

1,068 


1.102 


1.189 

15 

1.3872 

1.167 

1.3877 

1.237 

1.8884 

1.297 


1.8341 

1.299 

1.3350 

1.402 


1.470 



1.931 

1.1536 

2.175 


2.483 



2.317 

1.0780 

2.716 

1.0821 

3.124 



2.737 

1.0161 

3.302 


3.847 



3.670 

0.9069 

4.627 


5.58 



4.329 

0.8188 

6.71 


7.33 


a-Decyl alcohol-carbon 
tetrachloride 

Acetic acid-carbon 
tetrachloride 

«»>Botyric acid-carbon 
tetrachloride 

0 

1.5844 

0.902 

1.5844 

0.902 

1.5844 

0.902 

5 

1.5141 

1.031 

1.5391 


1.5293 

0.911 

10 

1.4490 

1.224 

1.4983 

0.822 

1.4827 

0.926 

16 

1.3903 

1.441 

1.4599 

0.811 

1.4404 

0.945 

20 

1.3382 

1.776 

1.4241 


1.3945 


40 

1.1586 

3.091 

1.2989 

0.832 

1.2493 

1.079 

50 

1.0835 

4.012 

1.2468 

0.863 

1.1884 

1.142 

60 

1.0218 

6.08 

1.1989 


1.1372 

1.201 

SO 

0.9135 

7.86 

1.1154 


■Em 

1.331 

100 

. . . 

0.8263 

11.35 

1.0442 

1.126 

■■ 

1.466 


i»-Caproic acid-carbon 
tetrachloride 

«f-Heptylic acid-carbon 
tetrachloride 

a-Caprylic acid-carbon 
tetrachloride 

0 

1.5844 

0.902 

1.5844 

0.902 

1.5844 


5 

1.6297 

0.966 

1.5298 

0.990 

1.5276 

bh 


1.4767 

1.033 

1.4746 . 

1.080 

1.4727 

1.124 

15 

1.4281 

1.108 

1.4252 

1.175 

1.4219 

1.248 


1.3834 

1.188 

1.3781 

1.271 

1.3763 


40 

1.2290 

1.548 

1.2220 

1.767 


2.021 

- 60 

1.1638 

1.743 

1.1559 

2.046 

1.1617 

2.406 

60 

14112 

. 1.927 

1.1009 

2.362 

mmM 

2.867 

SO 

1.0133 

2.343 

1.0040 

3.016 

HIS 


100 

0.9238 

2.814 

0.9130 

3.784 

0.9064 

6.16 


For each pair of compcments the viscosities and densities of about twelve 
different mixtures were measured, their values were plotted against the weight- 
percentage composition on a large-scale diagram, mtd the data given in table 1 
were read off from the curves. Density is given in grams per cubic centimeter, 
viscosity in centipoises, and the percentage composition in parts of the alcohol 
or acid per hundred parts of the mixture by weight. 

DISCUSSION OF BBStnurs 

For the carbon tetrachloride systems the displacement of the point of minimum 
viscosity with increasing molecular weight of the alcohol and the acid, respec- 




















Fig. 2. Variation of viscosity (v) with percentage (C) of acid in carbon tetrachloride 
solution: curve a, acetic acid; curve b, n-butyric acid; curve c, n*caproic acid; curve’d, 
n-heptylic acid; curve e, n-caprylic acid. 

tively, is shown in figures 1 and 2. Minima of viscosity occur at the following 
values: 0.600 for 1.7 per cent by weight of n-butyl alcohol in benzene; 0.872 
for 4.6 per cent of ethyl alcohol in carbon tetrachloride; 0.889 for 2.0 per cent of 





758 BOWDBK, TABNOLD AND 30m& 

n-propyl alcohol and 0.894 for 0.8 per cent of n-butyl alcohol in carbon tetra- 
chloride; 0.808 for 19.0 per cent of acetic acid in carbon tetrachloride. In this 
ccnmection it may be noted that the activity coefficients of methyl, ethyl, propyl, 
and butyl alcohols in benzene and in carbon tetrachloride are much hi^er than 
those of corresponding compoimds which do not contain the hydroxyl group (6). 
Hitherto this association has been regarded as being due to a dipole effect, but 
it has been shown that the resulting complex has an electric moment and that the 
actual association must be referred to the formation of hydroxyl bonds (3). 
Furthermore, the fatty acids, up to n-valeric acid, exist almost completely as 
dimers even in dilute solution in benzene and in carbon tetrachloride (5, 19, 26). 
It would appear from the results of the present investigation that the effects of 
hydroxyl bonding in the alcohols and of dimerization in the acids are reduced the 
greater the length of the alkyl group. 


TABLE 2 

Acetic acid-carbon tetrachloride eoltUions at iS^C. 


PESCENTAOE Of ACID BY 
WEIOBT 

VISCOSITY 

Observed 

Calculated 

Spells 

Macleod 

0 

0.902 

0.902* 

0.902* 

5 

0.840 

0.863 

0.848 

10 

0.822 

0.831 

0.827 

16 

0.811 

0.815 

0.812 

20 

0.808 

0.808* 

0.808* 

40 

0.832 

0.808 

0.821 

60 

0.863 

0.844 

0.860 

60 

0.900 

0.881 

0.900* 

80 

1.007 

0.989 

1.004 

100 

1.126 

1.126* 

1.126* 


* For significance of asterisks see page 750. 


None of the relationships that have been proposed for the variation of the 
viscosity of a mixture of liquids with composition affords proper representations 
when applied to the binary S 3 r 8 tems of table 1. The equations of Arrhenius (1), 
Kendall (12), Lees (16), Bingham (4), Drucker and Kassel (8), and Meyer and 
Mylius (20) do not give curves with the minima required to delineate the change 
of viscosity with concentration in the mixtures containing the lower alcohols or 
fatty acids. Further, in unmodified form, the expressions of Kendall and Monroe 
(13), Dolezalek Mid Schulze (7), Sachanov and Rjachowsky (23), Van der Wyk 
(28), Lederer (16), Powell, Roseveare, and Eyring (22), Tuomikoski (27), 
Lutschinski (17), and Kottler (14) are inapplicable where a component is partly 
associated. Moreover, as table 2 shows for mixtures of acetic acid and carbon 
tetrachloride, even with the equations (rf Spells (24; the constant, fiAf = 5.7875) 
and Macleod (18; the constants Ai « 1.7715, A* = 2.3841), applied by the 
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authors themselves to mixtures containing associated components, the agree- 
ment given by the former is poor, and that given by the latter is necessarily better 
since it involves the use of an additional constant. Again, as table 3 indicates 
for mixtures of octyl alcohol and carbon tetrachloride, representation is often 
not close even where the viscosity-composition curves have no minima: in this 
table are given viscosities calculated by means of the equations of Arrhenius, 
Kendall and Monroe, Ishikawa (11; the constant, k^ 2 /kiai = 0.41404), and of 
Sachanov and Rjachowsky (the constant, n = 1.2268), taking the molecular 
weight of the alcohol as 130.24; the equations of Macleod and Spells are here 
inapplicable because of the great disparity between the viscosities of the pure 
components, and of the density of the mixtures being almost linearly related to 
the composition by volume. The viscosity values marked with asterisks in 
the tables denote those used in calculating the values of the constants of these 


TABLE 3 

n-Octyl alcohol-carbon tetrachloride solutions at 


PJCBCENTAGE OF 
ALCOBOL BY 
WEIGHT 

VISCOSITY 

Observed 

1 Calculated 

Arrhenius 

Kendall-Monroe 

^ Ishikawa 

Sachanov- 

Rjachowsky 

0 

0.902 

0.902* 

0.902* 

0.902* 

0.902* 

5 

1.000 

1.094 

1.072 

1.063 

0.998 

10 

1.139 

1.305 

1.258 

1.233 

1.127 

15 

1.297 

1.533 

1.461 

1.413 

1.286 

20 

1.470 

1.783 

1.680 

1.603 

1.474 

40 

2.483 

2.928 

2.723 

2.483* 

2.483* 

50 

3.124 

3.584 

3.341 

3.014 

3.123 

60 

3.847 

4.272 

4.023 

3.623 

3.841 

80 

5.58 

6.76 

5.57 

5,16 

5.48 

100 

7.33 

7.33* 

7.33* 

7.33* 

7.33* 


* For significance of asterisks see above. 


equations. The limited applicability of the above equations, however, is not 
surprising in view of the molecular complexity of the alcohols and the acids in 
non-polar media. 


The thanks of the authors are due to Messrs. V. A. Hewlett and W. T. Rees 
for assistance in the experimental work. 
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COMMUNICATION TO THE EDITOR 

TEMPERATURE CONTROL FOR A CONSTANT-TEMPERATURE 

WATER BATH 

Schwenk and Noble (J. Phys. Chem. 41 , 6 (1937)) have described a circuit 
incorporating a mercury-vapor triode as a temperature control for a constant- 
temperature water bath. Such a controlling device has been in constant use 
in our laboratories for the past ten years, with the occasional replacement of the 
tube as the only service necessary for the maintenanc.e of the unit. This original 
circuit, however, called for the use of a thyratron using 110 volts on the heater; 
this made for simplicity in design of the circuit and yet limited its use somewhat, 
since tubes of this design are the product of one manufacturer. 



Several other manufacturers are offering thyratrons with practically the same 
tube characteristics as the R.C.A.-91, the chief difference being in the use of a 
heater current of 5 volts instead of 110 volts. Such a tube may be u.sed in this 
circuit with the inclusion of an inexpensive filament transformer to reduce the 
line voltage to the proper value. The General Electric thyratron FG-33 and 
the Westinghouse thyratron W.L.-33 have been found to work equally well in 
the modified circuit and may be obtained easily from their respective manufac- 
turers. 

The stability of this circuit, using tubes with low voltage on the heater, should 
be equal to and possibly better than that of the original circuit, although this 
point has not been demonstrated as yet. 

University of Connecticut H. S. Schwenk. 

Storrs, Connecticut 
January 9, 1948 
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Organic Chemistry. By Paul Kabribb. Third English edition, translated by A* J. Mee. 

7 X 10 in.; xx + 967 pp. New York: Elsevier Publishing Company, Inc., 1947, Price: 

$8.50. 

This is a new English edition of the well-known book by Professor Karrer. The previous 
edition (second English edition based on the eighth (1942) German edition) appeared about 
a year ago and was reviewed by Professor Koelsch (J. IHiys. Colloid Chem. 61, 627 (1947)). 
Little can be added to Professor Koelsch^s review; what he had to say then applies also to 
the new edition. The title pages do not state the date of the 'latest’’ (j^rman edition, 
upon which the translation is based, but the preface states that the edition is "new and 
revised”. 

In format, style', arrangement, and the like, the book follows the standards set by the 
previous editions. Karrer is an excellent book on general, descriptive organic chemistry— 
indeed, in the opinion of this reviewer, it is one of the two really good one-volume books on 
the subject today. There is a very good index. 

The book-making is good, and it is a pleasure to record that the price, though a bit more 
than that of the previous edition, is still below the pre-war cost of $11.00. 
yT Lee Irvik Smith. 

Encyclopedia of Chemical Technology. Volume I, A to Anthrimedes. Edited by Raymond 

E. Kirk and Donald F. Othmer. Assistant Editors: Janet D. Scott and Anthony 

Standen. 982 pp. New York: Interscience Encyclopedia, Inc., 1947. Price: $20.0b. 

The present volume is the first of ten of about 960 pages each, planned to appear at the 
rate of two or three volumes per year. This comprehensive work is intended to present a 
critical survey of the knowledge of industrial materials, methods, processes, and equipment 
for chemists and chemical engineers. Ninety contributors have collaborated in writing for 
the first volume, though no authorship is assigned to any of the individual subjects. About 
one thousand subjects will be treated in the ten volumes, with suitable subdivision under 
each topic. 

The treatment is modern, well illustrated, and apparently quite adequate to the purposes 
for which it is intended. Both domestic and foreign chemical processes are described. 
One can not inspect the contents of this impressive work without appreciating the tre- 
mendous strides that have been made in chemical technology, especially in the United 
States, since World War I. Naturally the full import of the work can not be grasped in the 
first volume. Many interesting subjects do not begin with A, though it is surprising how 
many do. But if the first volume is a fair sample of the ones to come, the editors and au- 
thors will have made a valuable contribution to chemical literature and are to be con- 
gratulated on the successful initiation of this large and worthwhile undertaking. 

S. C. Lind. 

Psychrometric Tables and Charts. By O. T. Zimmerman and Irvin Lavinb. 162 pp. 

Dover, N. H.: Industrial Research Service, 1945. Price: $6.60. 

In convenient form 32 tables and 22 charts present psychrometric data in English units 
for temperatures in degrees Fahrenheit over wide ranges. 

S, C. Lind. 

» 

Tables of Spherical Bessel Functions. Vol. 11. Prepared by Mathematical Tables Project, 

National Bureau of Standards. 330 pp. New York: Columbia University Press, 

1947. Price: $7.60. 

The major part of the present volume is devoted to tables of the spherical Bessel func- 
tions ^s/lT/ix Jpix) for dt V ranging from 29/2 to 61/2. This set of tables complements those 
previously published in Vol. I for ranging from 1/2 to 27/2. 


S. C. I.IND. 



FOAMING OF MIXTURES OF HYDROCARBONS 
J. V. ROBINSON! AND W. W. WOODS* 

Department of Chemistry, Stanford University, California 
' Received November IS, 1H7 

The question of whether mixtures of pure hydrocarbons can foam is of both 
theoretical and practical significance. Specifically, if foaming in a lubricating 
oil were caused solely by stabilizing agents, they could possibly be removed. 
However, if the foaming is a property of the mixture of hydrocarbons themselves, 
an oil of petroleum source can be made non-foaming only by the use of anti- 
foaming additives. 

MATERIALS 

The samples of hydrocarbons used were clear, colorless, and of low viscosity: 
AromiUic: 

Benzene. .. Merck’s ‘‘reagent” grade, thiophene free 

Toluene . . . Baker’s c.p. analyzed 

Xylene Merck’s “reagent” grade 

Cumene Skelly Petroleum Company, “pure” 

Butylbenzene Eastman Kodak Company 

Aliphatic: 

Isopentane Phillips Petroleum Company, “pure grade 99% minimum” 

Octene . Connect icu t H ard Rubber Company 

Octane Connecticut Hard Rubber Company 

Decane 1 Connecticut Hard Rubber Company 

TEST PROCEDURE 

The foam-testing method used was to shake, by hand, the hydrocarbon mix- 
ture contained in a sealed glass tube, at room temperature, according to a care- 
fully standardized routine, and to time the interval from cessation of shaking 
until all but two bubbles had disappeared. The last two bubbles in some cases 
were erratic in their behavior and much better reproducibility was obtained by 
not counting them. The values reported are the averages of at least ten deter- 
minations. 

To prepare the sealed tubes, 16 x 1.8 cm. test tubes were drawn out to form a 
narrow neck, the hydrocarbons injected through the constriction from a syringe 
pipet, and the necks sealed off. The hydrocarbon pairs were mixed in the pro- 
portions 1:4, 2:3, 3:2, and 4:1, by volume, measured from the syringe pipet, 
the total volume of the mixture being approximately 10 cc. The liquid did not 
touch the constriction at the neck, and no evidence of burning was seen when 
the tubes were seal^. Most of the tubes were prepared in duplicate to reduce 
the possibility of accidental contamination. 

! Present address: The Mead Corporation, Chillicothe, Ohio. 

* Present address: Socony-Vacuum Corporation, Paulsboro, New Jersey. 
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. KEBULTS 

Cumene had the longest foam-life of the unmixed hydrocarbons (table 1), 
the foam lasting 1.0 sec., and xylene next with 0.8 sec. Three unmixed hydro- 
carbons had foam-lives of 0.6 sec.^ one 0.4 sec., and two 0.3 sec. A fomn lifetime 
of 0.3 sec., as here measured, represents a minimal foaming tendency; redistilled 
water gives 0.3 sec. 


TABLE 1 


Foaming of pure hydrocarbons; time in seconds for foam to collapse to last pair of bubbles 


ALIPHATIC HYOBOCAMBON8 

TXICE 

ALKYLBENZENES 

TXUE 

Isopentane 

sec, 

0.4 

Benzene 

sec, 

0.6 

Octene 

0.6 

Toluene ... 


Octane 

0.3 

Xylene 

0.8 

Oecane 

0.6 

Cumene ... 

1.0 


Butylbenzene 

0.6 


TABLE 2 


Foaming of mixtures of aliphatic hydrocarbons; time in seconds for foam to collapse to last pair 

of hubbies 


HYOBQCAKBON 

PEE CENT ISOPENTANE 

PEE CENT OCTANE 

PEE CENT OCTENE 

PEE CENT DECANE 

20 

40 

60 

80 

20 

40 

60 

80 

20 

40 

60 

80 

20 

40 

60 

80 


see. 

see. 

see. 

see. 

see. 

see. 

see. 

sec. 

see. 

sec. 

sec. 

sec. 

see. 

see. 

see. 

sec. 

Isopentane. . . . 





00 

d 

0,7 

0.6 

0.6 

0.8 

0.6 

0.4 

0.4 

1.1 

0.9 


0.6 

Octane 

0,5 

0.6 

0.7 

0.8 





0.6 

0.6 

0.6 

0.6 

0.7 

0.7 

0.6 

0.7 

Octene 

0.4 

0.4 

0.6 

0.8 

0.6 

0.6 

0.6 

0.6 





0.6 

0.6 

0.5 

0.7 

Decane 

0.6 


0.9 

1.1 

0.7 

0.6 

0.7 

0.7 

0.7 

0.5 

0.6 

0.6 






TABLE 3 

Foaming of mixtures of alkylbenzenes; lime in seconds for foam to collapse to last pair of bubbles 


HYDEOCAEBON 

PEE CENT 
BENZENE 

1 PEE CENT 

1 TOLUENE ^ 

PEE CENT 
XYLENE 

PEE CENT 
CUMENE 

PEE CENT butyl- 

benzene 


20 

40 

60 

80 

20 

40 

60 

80 

20 

40 

60 

80 

20 

40 

60 

80 

20 

40 

60 

80 


sec. 

see. 

see. 

sec. 

see. 

see. 

see. 

sec. 

sec. 

sec. 

sec. 

sec. 

sec. 

zee. 

sec. 

sec. 

zee. 

zee. 

zee. 

zee. 

Benzene 





0.7 

0.7 

0.7 

0.7 

0.8 

0.8 

0.9 

1.0 

0.8 

0.9 

1.0 

1.0 

0.8i 

0.7 

0.7 

0,7 

Toluene 

0.7 

0.7 

0.7 

0.7 





0.7 

0.9 

0.9 

1.0 

0.8 

0.9 

0.9 

0.9 

0.6 

1.0 

0.9 

0.6 

Xylene 

1.0 

0.9 

0.8 

0,8 

1.0 

0.9 

0,9 

0.7 





1.0 

1.0 

1.0 

0.9 

|0.8 

0.8 

0.7 

0.8 

Cumene 

1.0 

1,0 

0.9 

0.8 

0.90.9 

0.9 

0.8 

0.9 

1.0 

1.0 

1.0 





0.9 

1.0 

0.8 

0.8 

Butylbenzene.. . . 

0.7 

0.7 

0.7 

0.8 

0.6]0.9 

1.0 

0.6 

0.8 

0.7 

0.8 

0.8 

0.8 

0.8 

1.0 

0.9 






All combinations of the nine hydrocarbons in pairs were tested. It was found 
that the greatest foaming occurred when the aliphatic hydrocarbons were mixed 
witii those containing a bensene ring in their molecules. 

The mixtures of aliphatic hydrocarbons (table 2) and the mixtures of alkyl- 
bensenes (table 3) had foam IHetimes of 1.1 sec. or less, or only slightly greater 
thim the foam lifetimes of the unmixed hydrocarbons. 
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By contrast, fifty-one of the one hundred mixtures of aliphatic hydrocarbons 
with alkylbenzenes had foam lifetimes in excess of 1.0 sec., and twenty of the 
mixtures had foam lifetimes of from 2.0 to 6.1 sec. 

The proportions in which the hydrocarbons were mixed greatly affected their 
foaming. The mixtures showing the greatest foaming were the alkylbenzenes 
contaimng !K) per cent aliphatic hydrocarbons, in twelve of twenty such mixtures 
(table 4). The effect of concentration was strikingly demonstrated by holding 
the six tubes of a series in one hand and shaking them simultaneously. For 
example, with a tube of pure toluene at one end of the series, a tube of pure 
octane at the other end, and the four tubes containing mixtures of these two in 
the order of the mixture proportion in between, the foam disappeared first 
from the end tubes, last in the tube containing 20 per cent octane, and at grad- 
uated intermediate times in the three remaining tubes. Although the whole 
demonstration lasts something less than 2 sec., the relative differences in foam 
lifetimes are large and reproducible. 


TABLE 4 

Foaming of mixtures of aliphatic hydrocarbons with alkylbenzenes; time in seconds for foam to 

collapse to last pair of bubbles 


BVOROCAXBON 

PEE CENT ISOPENTANE | 

1 

PER CENT OCTENE j 

PER CENT OCTANE 

PER CENT DECANT. 

20 1 

40 

60 j 

80 j 

20 

40 1 

60 1 

so 

20 1 

40 i 

60 1 

80 

20 

40 

1 60 

80 


sec, 1 

sec. 

t 

sec. 

sec. 1 

sec. 

sec. 

sec. 

sec. 1 

sec, j 

sec. 

sec. 1 

sec. 

sec. 

wc. 

sec. 

sec. 

Benzene 

o.?! 

0.8 

1 1 01 

0 si 

1.7 

1.3 

1 oj 

0.8 

1 0 

1.61 

l.lj 

0.8 

3.S 

1 2 1 

1.0 

0.7 

Toluene . j 

0.7i 

0 6 

! 0 6i 

0,6.1 

1.4 

1.6j 

l.lj 

0.9 

1 <»i 

1 8 

0.8 

1.0 

i 4 0 

1 2 4 

1.3 

i 0.7 

Xylene I 

I O.o! 

0.9 

l.Oi 

].ii 

1.6 

1.41 


1 o; 

1 8! 

1 8| 

1 3j 

1.0 

i 3 4 

2.5 

1.5 

0 8 

Cumene . 

j 0.7 

0.8 

i.o! 

1.3! 

1.4 

; 

1 1-3 

1.0 

2.0 

2 0 

i 1-81 

1.1 

1 3 2 

3 0 

2.1 

i 1.2 

Butyl benzene 

0A)\ 

1.3 

1.4i 

l.s! 

1.7| 

2.3 

1 1 

|2 2j 

1.0 

11,1 

2.9 

1 u, 

1 

2.0 


6 0 

4 6 

2.6 


DISCUSSION 

Foams can be formed on aeronautical lubricating oils containing no additives 
by bubbling air into them, or by shaking, beating, or other mechanical processes 
(5). Such a foam has a lifetime varying from about half an hour at room tem- 
perature to about 3 min. at 100°C. The foaming behavior of lubricating oils is 
in marked contrast to the behavior of piu« liquids, such as glycerol, diethylene 
glycol, or dibutyl phthalate, which will not form a column of foam under any 
known conditions, even though they are of comparable viscosity. This is in 
accordance with the axiom, “Pure liquids do not foam” (rf. references 2 and 3). 

By analogy with the stabilization by soaps and other surface-active materials 
of foams in aqueous solutions, it has frequently been assumed that foams of 
lubricating oils are similarly stabilized. It is known from experiments in this 
laboratory that certain additives in the oil may greatly increase the foam sta- 
bility and the foam volume, and fmlihermorc that these additives concentrate in 
the foam and may be partially segregated by collecting frothed-off liquid. (The 
frothing-off technique is well known for aqueous systems; see references 3 and 6.) 

However, attempts made in this laboratory have been unsuccessful in segregat- 
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ing any material by frothing-off from a lubricating oontaining no additives. 
Apparently the hydrocarbon cmnponents oS such a mixed are themselveB 
s<dely responsible for its foaming ability. 

The experiments of Foulk and Barkley (2) demonstrate a similar effect: mix- 
tures of water with benzene, nitrobenzene, ether, acetone, and methanol ^ow a 
tendency to form liquid films, while the carefully purified liquids alone do not. 

These citations are intended to emphasize that considerations only of viscosity 
and the presence of surface-active agents appear unlikely to account for foaming 
ability (note the effect of adding water to diethylene glycol (5)). The systems 
(dios^ for analogy differ in both viscosity and volatility from lubricating oils. 
Because of the low viscosities the foam lifetimes must be of extremely short 
duration in the absence of surface-active agents. (Brady and Ross (1) show the 
dependence of foam lifetime upon viscosity.) Furthermore, the atmosphere in 
the sealed tubes is saturated with the vapor of the hydrocarbons, tending to 
decrease the film stability (Neville and Hazlehurst (4)). Since the system is 
nearly isothermal, the “pumping action” of evaporation is absent, a phenomenon 
said by Neville and Hazlehurst to be a primary stabilizing influence for films 
volatile liquids. 

In spite of these adverse influences, the differential stability of foams of the 
various series tested is clearly and reproducibly obvious when the tubes of a 
series are shaken and observed simultaneously, as described. 

SUBIMART 

A series of experiments is described which indicates that simple mixtures of 
hydrocarbons are capable of foaming, although the individual hydrocarbons 
taken separately do not foam. Likewise, mixtures of aliphatic hydrocarbons or 
mixtures of aromatic hydrocarbons scarcely foam, whereas mixtures of aliphatic 
hydrocarbons with aromatic hydrocarbons do foam. 

The information contained in this paper was obtained in connection with an 
investigation sponsored and financed by the National Advisory Committee for 
Aeronautics and carried out under the supervision of Professor James W. McBain. 

REFERENCES 

(1) Bkady, a. P., AMD Ross, Sydnut: J. Am. Chem. Soc. 66, 1348 (1944). 

(2) Focus:, C. W., and Babkuby, J. E.: Ind. Eng. Chem. 66, 1013 (1943). 

(3) McBain, J. W., and Davies, G. P.: J. Am. Chem. Soc. 49, 2230 (1926). 

(4) Neville, H. A., and Hazlehurst, T. H.: J. Phys. Chem. 41, 545 (1937). 

(5) Ross, Sydney: J. Phys. Chem. 60, 391 (1946). 

(6) ScHUTZ, F.: Trans. Faraday Soc. 48, 437 (1946). 



HRREDrrY AND ENVIRONMENT 


767 


HEREDITY AND ENVIRONMENT 

* WILDER D. BANCROFT 

Cornell University ^ Ithaca, New York 

Received December 5, 1947 

One reason for the different ways in which the botanists and some chemists 
consider the colors of flowers, fruits, and leaves is that the botanists are inter- 
ested in inheritance phenomena, whereas some chemists, including myself, think 
that we ought to study also the effe(;ts of environment in modifying the inheri- 
tance phenomena. Some cases are quite simple. Mendel’s law is heredity. 
The action of light in determining the red color of the skins of apples and of 
pomegranates is environment. So is the effect of altitude and the alleged effects 
of the seashore. Royal Riviera pears, grown in Medford, Oregon, are red in 
color and probably require sunlight to develop the color, but I do not yet know 
this officially.^ The red autumn color of the sumach is due to environment, 
while the corresponding colors of the autumn leaves of the sugar maple are due 
to heredity, though apparently modified to some extent in an unknown way by 
environment, meaning weather. The color of the flowers of lilacs is due pre- 
dominantly to heredity at ordinaiy temperatures, and predominantly to envi- 
ronment at higher temperatures. Since some apples do not turn red, heredity 
must be a factor with them. 

The Old Dirt Dobber, at Nashville, Tennessee, knows that alum causes hydran- 
geas to have blue flowers, because he wrote to me about it; but he does not con- 
sider that point worth mentioning in his garden book. He may be right and 
probably is; but it seems a pity to me. I recognize that he knows his public and 
that I do not; but still I am surprised. 

The blue-grass country in Kentucky probably owes some of its characteristics 
to climate. We do not get similar effects in the marble regions of Vermont or on 
the chalk cliff's of England. The Ithaca Journal of September 29, 1947 says that 
the high phosphate content of the soil in Kentucky is the important factor. If 
this is the real answer, it should be possible to duplicate the blue-grass country 
in England. 

Tobacco varies very much with the environment. The tobaccos grown in 
Connecticut and in Quebec are very different from those grown in Virginia and 
in Havana. Under suitable laboratory conditions it will be possible to grow 
Havana tobacco in Connecticut. This will not be profitable commercially; but 
it should be done at least once so as to be sure that no factor has been overlooked. 

1 Since the manuscript for this article was sent to the Editor I have received a letter 
from Professor James W. McBain of Stanford University in which he says that Royal Rivi- 
era pears that receive considerable direct sunshine usually have more or less red cheeks; 
none of them are red all over. Pears that grow in the heavily shaded parts of the tree sel- 
dom have much red color. He also says that Comice pears only get colored on the side 
exposed to direct sunlight. McBain believes that the Comice and the Royal Riviera pears 
are different trade names for the same pear. It is evident that, so far as studied, red pears 
are like red apples and owe their red color to environment. We do not yet know why most 
pears are not red. It is a matter of enzymes and of heredity. 
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I have never seen Sea Island cotton, but it must owe some of its properties to 
^vironment. We know that temperature conditions prevent the growing of 
good Indian corn in Prussia even if the Germans liked maize, which they do not. 
It must have been climatic conditions, though I do not know what they are, which 
made red leaves and twigs more common in North Sweden than in South Sweden. 
We might ascribe this to destabilization, except that there may be other factors. 
Originally it must have been environment that made so many autumn leaves 
turn red in the northeastern United States, though now the same trees will turn 
red through heredity when transplanted. 

Acting on the suggestion of the Jackson and Perkins Company of New York 
City, I wrote in, 1947 to the University of Maine at Orono, Maine, to learn what 
they could tell me about wild roses being redder near the seashore. Professor 
H. Steinmetz wrote to me about a local group of botanists and naturalists, some 
twenty-five in all, who met this year at Machias, Maine. “While driving through 
the blueberry barrens one observed a profusion of wild rose blossoms. At times 
and places one could have stopped and proved either contention. Later, when 
we arrived at the beach the same observations were made. With no over-all 
experiments using color charts for comparison of laige numbers of blossoms I 
personally conclude that the variation in redness is the result of {1 ) the age of the 
petals, {2) individual plants. The latter probably should be called genetic varia- 
tions.’’ On this statement of facts we are not yet justified in saying that envi- 
ronment, meaning nearness to the sea, modifies the color, though it may be true. 
Evidently it was not of interest to Professor Steinmetz whether sea air does or 
does not have an effect on the colors of some flowers. This probably accounts 
for the botanists not having determined the facts. 

I have been told that amaryllis, dahlias, and carnations are very brilliant near 
the sea in California; but I have not been able to get any confirmation or denial 
of this from a botanist or chemist. 

As I remember the weigela bushes in Newport, Rhode Island, and they are 
common there, the flowers were dark red. The first vreigela flowers that I saw 
in Ithaca, New York, were pale pink. This looked like a striking effect due to 
the sea; but I have since learned that there are two varieties of weigela, and that 
both grow in Ithaca. Mr. Pridham, professor of ornamental horticulture at 
Cornell University, tells me that the pink form is W eigela florihvnda and that the 
dark red variety is Eva Rathke, 

Sands, Milner, and Sherman (4) cite the snapdragon, Antirrhinum majus, as a 
case where the flavones and anthocyanins are abnormal, which is not surprising 
if the anthocyanin develops primarily from a leucoanthocyanin. Miss Rose 
Scott-Moncrieff (5) points out that the identification of antirrhinum as a cyanidin 
compound contradicts the theory of a simple relationship between this pigment 
and the ivory flavone. This simple relationship does not necessarily hold when 
the anthocyanin develops from a leucoanthocyanin. With an unspecified snap- 
dragon, given me by a friend, the flowers came white or whitish at first, and then 
turned red. The red flowers undoubtedly develop from leucoanthocyanins; the 
change may be very slow or practically zero when the cut flowers are put in tap 
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water. They were not exposed to any appreciable amount of ultraviolet light. 
All these points should be confirmed as a tribute to Mr, Sorby and to Mrs. 
Onslow, who have not received the credit which I think is due them. 

There should be plenty of data available in England to show whether salt air 
does or does not affect the colors of flowers. My guess is that it does, and I 
know no reason why the effects, if any, should be confined to anthocyanin pig- 
ments. If it is salt air that does the trick, the alleged effect should be noticeable 
further from the sea than people have assumed. 

The development of marsupials in Australia must be due to the combined 
action of heredity and environment over a long time. That is also the case in 
Darwin's survival of the fittest. Such things cannot ordinarily be tested in the 
laboratory because the time available is not sufficient, but one can gel interesting 
and satisfactory results with plants in reasonable times. Grafting flowers and 
fruits involves heredity, though protection against phylloxera seems a borderline 
case. 

In a book called Human Destiny^ and published in 1947, Lecomte du Noiiy 
says that Hatteria or Spenodon punctata is a big lizard about two feet long, which 
is found on several small Islands off the coast of New Zealand. It is the last 
representation of the fifth order in the class of reptiles, otherwise totally extinct 
since the Jurassic period (about one hundred million years ago). By a prodigious 
chance it survives until our day and presents some very interesting archaic char- 
acters, such as the third eye in the top of the head. No suggestion is given as 
to the environments in which the third eye developed and then disappeared. 
One hundred million years could easily give time e^nough for these clianges to 
occur; but 1 wish that the biochemists would give us some guesses as to the causes 
for the changes, or would present it as a problem to be solved. 

Liberty Hyde Bailey published in 1896 a book called The Survival of the Unlike^ 
in which he discussed many things about heredity and environment from the 
viewpoint of a horticulturist. Bailey looks upon heredity as an acquired char- 
acter and not as an original endowment of matter. The hereditary powder did 
not originate until, for some reason, it was necessary for a given character to 
reproduce itself. The longer any form was perpetuated, the stronger became 
the hereditary pow’er. This does not seem right to me. We do not know w^hat 
life is or when, or w^hy, it originated. Consequently we do not know why it 
reproduces. I doubt whether we are justified in sa 5 nng that heredity is an 
acquired habit, though some people claim that death is an acquired habit. Of 
course what Bailey published over fifty years ago does not necessarily mean 
what he believes now. 

Bailey says (p. 82) that if he were a zwilogist, and particularly an entomologist, 
he would hold to the views of Lamarck; but, being a horticulturist, he accepts 
largely the principles of Darwin. He believes that both Lamarckism and Dar- 
winism are true. He points out that Lamarck propounded his theory from 
studies of animals, w’hile Darwin was led to his theory from observations on 
plants. Bailey also says (p. 99) that most noi*theastern varieties of apples tend 
to become elongated in the Pacific Northwest, to become heavy-grained and 
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coarse^riped m the Mississippi Valley aud the Flains, aiid to take other char- 
aeteristic forms in the hi^er hmds oi the South Atlantic states. 

Bailey believes (p. 170) that change of climate is an important cause of varia- 
tion in domestic plants. There is an increase in the intensity of colors d fruits 
and flowers in the north, but Bailey does not explam why. In 1859 Asa Gray 
stated that three general laws had been established: (t) that distribution of 
plants and animals is determined largely by climatic and other physical causes; 
(£) that species have a local or single origin; (5) that the origin of our present 
temperate flora is in the north. 

These generalizations were written before Darwin’s theories had appeared, 
and before Heer had published the histories of the fossils in the Arctic r^ions. 
Bailey says (p. 274) that this establishes Grky’s place among philosophical 
naturalists. 

Bailey (p. 276) considers that the most promising field for horticultural explora- 
tion and for the study of the ancostrj' of our fruits is now the interior of China 
and Japan. 

The work of Burbank on the production of new fruits, which was so extra- 
ordinarily successful, involved a careful study of variations due to heredity. So 
far as I know, Burbank’s work did not include any study of the effects due to 
environment. 

' Palladin (3) states that formalin is very helpful in killing the enzymes present 
in plants without damaging other very unstable substances which may be present 
in the plants. Treatment with formalin often gives better results than boiling, 
which d^troys other substances in addition to enz3maes. One gets in this way 
dead plants with killed enzymes, whereas in chloroform one gets killed plants 
with active enzymes. If this is wliat Palladin really means, he is stressing the 
wrong thing. One should have, and perhaps one does have, an antithesis between 
active plants with killed enzymes and killed plants with active epzymes. I hope 
that if one were to sponge a Northern Spy apple on the tree at suitable times with 
a suitable solution of formaldehyde one could kill or weaken the enzjrme suffi- 
ciently to keep the apple from turning red without killing the apple. If formal- 
dehyde will not do this, we must find something that will do it. I believe that 
the chemist can do this if Palladin has not already done it. Biochemistry with- 
out enzymes or with weakened enzymes would be an entirely new' branch of 
science. I hope that we may some day point with pride to Palladin as the 
founder this new science. 

I have read in some circular that the pink-fleshed grapefruit grows only in 
limited, specific parts of Texas and does not retain its peculiarities when trans- 
planted. This may be true, because I have not heard of a, similar grapefruit 
from Florida. If this is true, the phenomenon must be connected with the pres- 
ence of some element or group of elements in the soil of the r^on where the 
pink-fleshed grapefruit flourishes. That should be a relatively easy matter to 
clear up and would be a striking case of environment versus heredity. 

In a bode by Bailey called The Evolution of. Our Native Fruits and published in 
1898, he spea^ (p. 54) of a book on the Catawba grape published in 1828 by 
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Adliun* Adlum says that the Catawba grapes which ripen in the sun are of a 
deep purple color; where they are partially shaded they are of a lilac color; and 
where they ripen wholly in the shade, and are perfectly ripe, they are white, rich, 
sweet, and vinous. 

If this is true, one American grape differs from the European grapes described 
by Laurent (2) which did not require light to make the color develop. There is 
some question as to the facts. 

Professor A. J. Heinicke, Director of the New York State Experiment Station 
at Geneva, wrote to me on August 13, 1947 as follows: 'T have just called the 
experts on grape varieties to confirm my own information that, so far as we know, 
all grape varieties develop approximately normal color even in the shade. We 
have very positive evidence that the C^atawba variety will develop its normal 
color when sunlight is excluded. As you probably know, we are engaged in 
fruit-breeding research at Geneva. One of the steps involved in the procedure 
is to enclose the developing bunch of grapes, while still green, in paper bags. 
Catawba grapes enclosed in such bags develop perfectly normal color. In the 
case of apples, similar paper bags prevent the formation of red color. I have 
further checked with the men who have observed literally thousands of different 
seedlings and none recalls any of these seedlings, which represent many varieties, 
that liave failed to develop the normal color of the gi-ape when the fruit is shaded. 
I am therefore inclined to think that Adlum in the reference you quoted was 
mistaken about Catawba requiring direct sunlight for color. Those of us who 
are engaged in biological research know that we cannot predict the behavior of 
all individuals of a specie^s when it comes to such things as mutations, etc., and 
it is not impossible that some grape may show up which definitely requires sun- 
light for color. Certainly, however, that would be a very, very rare case.'^ 

This is conclusive that grapes do not require sunlight in Geneva. On the other 
hand, I find it difficult to believe that Adlum (1) did not observe what he said he 
did.* Professor Heinicke apparently did not take the question of temperature 
into account. The discrepancy between Adlum and Heinicke may be a question 
of environment, either climate or soil or both. I suspect that climate is the 
important thing. If the Catawba grape acts like the flowers of the lilac it might 
behave in one way in Washington, D. C., and in another way in Geneva, New 
York. It seems to me that we ought not to assume that Adlum was WTong until 
we have repeated liis experiments as nearly as possible under his conditions, and 
that has not yet been done, so far as I can learn. It is concei\'able that a century 
of cultivation may have modified the Cata\vba grape so fundamentally that we 
cannot repeat Adlum’s experiments. That seems improbable to me, but I do 
not know that it is impossible. I should like very much to know about gi'apes 
grown on the Mediterranean coast of Africa. Bailey writes me that he does not 
consider random observ^ations like Adlum ’s as scientific evidence. I should not 
have guessed that from Bailey’s book, and I doubt whether Bailey felt that way 
fifty years ago. 

* la the preface the author says, “I have not put down anything that I do not myself 
believe, and which I could not prove if necessary.*’ 
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In a thesis called Bokmuche BeobaclUungm auB Spitzbergm^ published in Lund 
in 1902, Thorild Wulff says that botanists who have published books about the 
Arctic regions have been interested primarily in the botanical and geographical 
distribution, and not much in the colors of the flowers. That is similar to the 
comment which I am making in this article. Wulff cites, however, an article in 
which Middendorff in 1867 says that in the north, after the first autumn frosts, 
the foliage turns red to an extent quite unknown in most of Europe. Wulff 
points out that this is very striking with Scurifraga hircnlua Linn., whereas in 
southern Sweden and in Denmark, the same plant shows no sign of red. In all 
of the plants studied, the red or violet appeai'ed more strongly on the portions 
receiving the most light, except in some trailing plants which apparently utilize 
heat reflected from the ground. Since leucoanthocyanins had not been dis- 
covered in 1867 we cannot blame Wulff for not knowing about them. 

The leaves and fruit of Cardamine bellidiflora Linn, are said to be a dark 
reddish-violet when grown by the sea (p. 45), but are not colored when the soil 
contains more nutrients. This should certainly be checked, because it is the only 
scientific statement of the sort, that I have yet come across. 

Wulff (p. 64) quotes Overton as saying that plants develop red color more 
easily when the water in the soil in which thej’^ grow' is deficient in nutrients. 
Since salt damages vegetation, the presence of salt might Ix' (^onsideml as equiva- 
lent to a deficiency of nutrients. If Overton’s attention had lieen drawn to the 
problem he might have predicted the alleged action of sea air on flowers. It is 
certainly a legitimate subject for study, even though it does not interest the 
botanist. 

I have never been in Spitzl>ergen and consequently do not know whether 
Wulff^s standard of redness is w^hat one would expect in Prussia or what would 
be standard in New York and New" England. There are no trees in Spitzliergen, 
and Professor Hermannson, the ("urator of the Fiske Icelandic (’ollection at ("or- 
nell, does not believe that there is anything in Spitzbergen to compare with the 
autumn color in the Ithaca gorges. He says that in Iceland they have only 
birch trees and mountain ash trees. The foliage of the birches turns yellow. 
^ Some heather turns red but not vividly. 

Professor Pridham of Cornell University tells me that he thinks that autumn 
colors in Europe are not equivalent in any way to what they are in America, so far 
as the bright reds and yellow^s go. My own experience agrees w'ith that, and I 
think that this is generally admitted. Professor Pridham says that the bright 
autumn colors do not continue much south of Virginia. Autumn color in the 
Carolinas and farther south is rather of a dull browm than the glowing reds and 
bright yellows which we have farther north. I have been told that maples do 
not grow in North Carolina. 

The pink-flowered dog^v6ods grow' native near Monticello in V^irginia and pre- 
sumably originated there, but I do not know' w'hy or when. It would be very 
interesting if they could be connected in some way with Thomas Jefferson; but 
I imagine that that connection would have been emphasized if it had existed. It 
might even have led to the pink dogw^ood becoming the flower of the Democratic 
party* 
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In Ithaca the leaves of the sugar maple, the sumach, and the Japanese creeper 
turn red in the late summer or early autumn. It seems a simple matter, but 
I have not yet been able to learn authoritatively whether these plants cease to 
turn red in the southernmost range of their growth. 

Mr. James F. Couch writes to me from the Bureau of Agricultural and Indus- 
trial Chemistry in Philadelphia: ‘‘If you have not already considered it, I think 
you would be highly interested in the case of flowers of Lupinus mutabilis (this 
is probably identical with Lupinus cruikshankii) . In blossoming the flowers 
first appear pure white and then gradually the standards turn reddish, passing 
through purple and finally appearing blue. There is a small area of yellow at the 
base of the keel. The lower petals turn from white to a final deep bluish red. 
Inasmuch as these changes are slow there seems to be a possibility here of col- 
lecting material from which the coloring matters and their precursors could be 
isolated for exact study. Seeds of this lupine are readily available in the mar- 
ket.’’ 

I do not know whether these flowers change with changing environment; but 
they certainly should be studied under the biochemistry of plant pigments. 

When we shall have learned how to stabilize the blue form of anthocyanin it 
will be possible to gi’ow blue roses, blue carnations, and blue hollyhocks. If I 
wei’e not crippled and perhaps too old, I would start growing these flowers my- 
self. If one starts on this kind of di’eaming all sorts of possibilities open up. 
We have blue grapes and blueberries; why not blue apples and blue strawberries? 
White strawberries are knowm. The kind my father grew in Milton, Massachu- 
setts, was Lennig’s Whit^, but there are others on the market. The whitf straw- 
berry, as I knew it, was not as good a commercial strawberry as the red ones 
because it would not stand transportation, but it was a better tasting strawberry. 
Of course, I do not know what the blue strawbeiTy, if grown, would be like as an 
eating strawberry. The white strawberiy, like the Burbank fruits, was un- 
doubtedly a product of heredity. The blue strawberry, if developed as I have 
suggested, would be the result of a changing environment. The white geranium 
is undoubtedly a product of heredity. 

SUMMARY 

1. In some cases, such as the reddening of apples, the effect of environment has 
been recognized officially. 

2. At ordinary temperatures the colon of the lilac flowers do not depend on 
illumination, but they do at higher temperatures. 

3. It is possible that with a suitable use of a suitable formaldehyde solution 
one can weaken or even kill enzymes without killing the plant or fruit. 

4. It is not known to what extent salt in the air modifies the colors of flowei*s. 
The reports are scanty and contradictory. 

5. In Geneva, New York, the development of color in Catawba grapes does 
not depend on exposure to light. Adlum claims that exposure to light is nec- 
essary in Washington, D. C., but this has not been confirmed independently. 
My guess is that Adlum was right. If and when this is proved true it will be 



774 BXTNOLD C. IIEBBIU. AND RAYMOND GETTY 

neceaNuy to find out wlietiier anything similar occurs wit^ C(Hio(»d, Niagara, 
Ddaware, and Scupp^ong grapes. 

6. The pink-fieBh^.^apefruit apparmtly owes its characteristics to some ele- 
ment or group of elements in the soil, but I have never seen any scientific study 
of the subject. 

7. Under suitable laborat{»y conditions one could grow Havana tobacco in 
Connecticut and perhaps in Canada. This has never been tried and perhaps 
never will be. 

8. The grafting of flowers and fruits is usually a'matter of heredity, but in the 
protection against phylloxera we seem to have a case where there is a transmission 
of characteristics through the graft. This may be a misunderstanding on my 
part. 

97 The horticulturist ignores the question of environment when possible, even 
though the composition and structure of the soil are of tremendous importance to 
him. 

10. It is startling to see how much is not yet known about the effect of en- 
vironmmt on the colors of leaves, flowers, and fruits, and about the biochemistry 
of plants. 

11. Some day it will be possible to grow blue apples, blue strawberries, blue 
roses, and blue hollyhocks; but nobody can say when. 
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Ever since micelles were shown to exist in soap solutions the concentration at 
which they first appear has been a subject of considerable interest and contro- 
versy. The difficulty of obtaining reproducible, accurate results in dilute soap 
solutions — due to hydrolysis, absorption of carbon dioxide, ete. — resulted in very 
few good experimental investigations at low soap concentrations. It was for- 
merly believed that practically no micelles were formed in soap solutions at con- 
centrations less than about 0.1 iVT or approximately 2 per cent for the most 
common soaps. This is above the soap concentration at which most practical 
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wagging or detergent operations are done, so the assumption was made that the 
equilibrium between free ions and micelles was of little practical interest. How- 
ever, recent studies of long-chain compounds, including the soaps, have shown 
that the formation of micelles begins at about 0.01 N or 0.2 per cent for deter- 
gents containing twelve carbon atoms and around 0.001 N for those containing 
sixteen carbon atoms. For example, the ''critical’^ concentration at which 
micelle formation becomes readily apparent is around 0.023 M or 0.5 per cent 
for sodium laurate and less than 0.001 M or 0.029 per cent for potassium 
palmitate (11). 

Micelle formation for most soaps, therefore, begins in the range of concentra- 
tions used for practical detergent operations. Data presented recently by 
Preston indicate that a great increase in detergent action occurs at about the con- 
centration at which micelle formation becomes apparent (22). Any material 
which lowers the minimum concentration necessary for micelle formation in a 
soap solution may then likewise decrease the concentration necessary for good 
detergency. Several investigations have shown that various electrolytes de- 
crease this critical concentration for micelle formation (4, 9, 14, 16, 21). 

It was, therefore, of interest to study the effect of various silicates and other 
electrolytes commonly used as soap builders on the concentration at which micelle 
formation first becomes readily apparent in soap solutions. This paper reports 
such a study. 


EXPERIMENTAL 

The ‘‘critical” concentration for micelle formation in soap solutions was de- 
termined by both the dye-titration technique of (^orrin and Harkins (4) and the 
solubilization method. 

The first method depends on the fact that certain dyes, such as pinacyanol 
chloride, change color at the “critical” concentration. In this work a stock 
solution of soap above the “critical ”concentration containing 1 X 10“^ moles 
of pinacyanol chloride per liter was titrated with the same concentration of dye 
ih water. The “critical” concentration was determined as the point at which 
the blue soap-dye solution first acquired a purplish tinge. Comparison with an 
aliquot portion of the original soap-dye solution facilitated detection of the end 
point, which is otherwise rather diflScult to determine accurately. All dye titra- 
tions were run in duplicate. 

The solubilization method for determining critical concentrations depends on 
the fact that solutions containing soap or detergent micelles can solubilize water- 
insoluble materials, whereas soap or detergent solutions below the “critical” con- 
centration do not (17, 20). The solubility of the water-insoluble dye, Orange 
OT (F. D. and C. Orange No. 2; l-o-tolyIazo-2-naphthol) was measured in vary- 
ing concentrations of soap solutions at 60°C. The technique used was similar 
to those previously described (15, 17). Series of solutions of vaiying soap 
concentration but with constant salt content were made by diluting a definite 
volume of a stock soap solution with known amounts of a stock salt or silicate 
solution and water. These solutions were placed in 50-ml. glass bottles cont ain- 
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ing a sli^t excess of dye sealed with metal caps, and placed in an air oven at 
60*’C. At least severed ^ys were required for the solutions to dissolve the max' 
imiim amount of dye. After allowing excess dye crystals to settte, the dye 
concentration was measured by determining Hie percentage transmission of 
li^t from a blue filter in a photoelectric colorimeter. Special care was taken 
to avoid measuring suspended dye particles. From the transmisnon reading, the 
amount of dye dissolved is obtained by comparison with a calibration curve of 
known amounts of dye dissolved in acetone. 

MATBRIALS 

The Orange OT (molecular weight, 262) was recrystallised from methyl alco- 
hol and obtained in the form of small bright orange-red crystals. The pinacyanol 
chloride was a commercial product and was used without further purification. 
Sodium laurate was prepared from a lauric acid obtained by recrystallizing the 
Eastman Kodak Company’s best product twice from acetonitrile. The recry- 
stallized acid had a melting point of 43.7‘’C. The sodium soaps were made by 
neutralizing the acid in acetone solution with sodium methoxide to the phenol- 
phthalein end point. The soap was washed with acetone and dried at lOS^C. 
Potassium laurate was made similarly, using an acetone solution of potassium 
hydroxide, from a recrystallizcd lauric acid with a melting point of 42.2‘’C. and 
an equivalent weight of 200.8 (theory, 200.3). The palmitic acid from which 
the sodium palmitate was made was recrystallized from methyl alcohol and had 
a melting point of 62.6°C. and an equivalent weight of 256.2 (theory, 256.4). 
Analyses for three of the silicates used were given in a previous paper (19). The 
silicate with a silica-to-alkali ratio by weight of 1.6 was a standard commercial 
product (“BW”) of the Philadelphia Quartz Company. The other salts were 
C.P., except for the polyphosphate (“unadjusted Calgon’’) and the carboxj'- 
methylcellulose, which were commercial products. The latter was the medium 
viscosity grade of the Hercules Powder Company. The moisture content of the 
Calgon was determined and its formula as.sumed to be (NaPOj)^. The sodium 
content of the carboxymethylcellulose was determined by ashing the material, 
acidifyii^ the ash with hydrochloric acid, evaporatii^ to dr 3 me 8 s on a water 
bath, moistening twice with distilled water (evaporating to dr 3 mes 8 each time), 
and titrating the dissolved residue with standard silver nitrate, using potassium 
chromate indicator. 


EXPERIMENTAL DATA 

The effects of various salts industrially important as soap builders on the 
“critical” concentration for micelle formation in sodium laurate solutions at room 
temperature (~25‘’C.) are given in table 1 and illustrated in figure 1. These 
data were obtained by the titration technique. The “critical” concentration is 
shown as a function of the equivalent concentration of added salt based on the 
sodium content. When suflScient salt is added to make the solution 0.065 M, the 
critical ccmcentration for sodium laurate is reduced from 0.024 M or 0.63 per cent 
to 0.012 M or 0.26 per cent. The reduction in critical concentration is essentially 
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TABLE 1 


The **criticaV* concentration for micelle formation of sodium laurate in the presence of added 

salts at 25°C, 


MOLAKITY 07 SALT 

“critical” concentration 

DECREASE OF “CRITICAL” 

“CRIT.” CONCN^PURE SOAP 



concentration 

“CRIT.” CONCN. WITH SALT 


Sodium chloride 


M 

M 



0 

2.37 X 10-> 



2.18 X 10“* 

1.82 X 10-* 

23 

1.29 

3.0 X 10~» 

1.49 X 10-» 

37 

1.58 

4.23 X 10“* 

1.41 

40 

1.67 

6.9 

1.15 i 

51 

2.04 


Sodium hydroxide 


7.29 X 10-» 

1.82 

23 

1.31 

1.07 X 10-» 

1.79 

25 

1.33 

3.17 X 10“* 

1.59 

33 

1.50 

5.09 

1.26 

47 

1.89 

6.45 

1.08 

55 

2.20 

7.84 

0.975 

59 

2.44 

Sodium carbonate 

7.57 X 10-’ 

1.91 X 10-* 

18 

1 22 

1.03 X 10~s 

1.72 

26 

1.35 

1.24 X 10 » 

1.55 

33 

1.50 

2.64 X 10“2 

1.32 

43 

1.76 

3.63 

1.14 

51 

2 04 

4.25 

1 06 

54 

2.20 

4.66 X 10-2 

0.932 X 10~2 

60 

2.50 

5.46 

0.910 

61 

2.56 

6.39 

0.818 

65 

2.85 

Trisodium phosphate 

0.92 X 10-» 

1.82 X 10~» 

23 

1.30 

1.54 

1.54 

35 

1.54 

2.39 

1,19 

50 

1.99 

2.44 

1.22 

48 

1.94 

4.0 

■0 

58 

2.37 


Tetrasodium pyrophosphate 


1.81 X 10-» 

2.17 X 10-2 

8 

1.09 

3.15 X 10-» 

1.88 

21 

1.26 

4.3 

1.73 

27 

1.37 

5.4 

1.62 

32 

1.46 

2.04 X 10-2 

1.22 

48 

1.94 

2.59 

1.04 

56 

2.28 

3,15 

0,942 

60 

2.52 




TABLE 1 — C^inuBd 


MOLAtm OV »ALt 

^‘CtniCAL*^ OOMCSMTEAXtOK 

aSCBSABE Ot 

onicEicrtAtioir 

coMCK. vma ioap 

COlfCN. Wlta lAliff 

Sodium tetraborate 

u 

U 



0.99 X 10-> 

1.99 X 10~* 

16 

1.19 

1,67 X 10-** 

1.67 

29 

1.42 

2.78 X 10~» 

1.39 

41 

1.70 

2.82 X 10“» 

1.41 

37 

1.68 

4.40 

1.10 

54 

2.16 


Sodium metasUioate 


6.61 X 10"> 

2.05 

13 1 

1,14 

7.63 

1.90 

19 

1.24 

9.29 

1.80 

23 

1.31 

1.04 X 10“* 

1.64 

50 

1.43 

1.21 X 10-* 

1.62 

36 

1.64 

2.66 X ir* 

1.27 

46 

1.85 

4.04 X 10-» 

1.01 

57 

2.32 

6.16 

0.86 

63 

2.74 

Sodium silicate: Si02/Na20 weight ratio » 

1.60 

0.89 X 10-* 

1.72 X 10”* 

27 

1.38 

1.52 

1.47 

1 38 

1.61 

1.57 . 

1.51 

36 

1.57 

2.06 

1.32 

44 

1.79 

2.47 

1.19 

50 

1 1.99 

3.34 

1.08 

54 

2.10 


Sodium silicate: Si02/Na20 weight ratio * 2.46 


0.98 X 10-» 

1.96 

17 

1.21 

2.09 

1.56 

34 

1.52 

2.84 

1.42 

40 

1.67 

3.46 

1.30 

45 

1.82 

4.35 

1.09 

54 

2.17 

5.82 

0.975 

69 

2.43 

Sodium silicate: SiOs/NatO weight ratio » 3.93 

0.43 X lO-® 1 

2.18 

8 

1.09 

0.83 

2.08 

12 

1.14 

1.20 

2.00 

16 

1.18 

Calgon (unadjusted) 

0,583 X 10-* 

2.33 X i(r* 

2. 

1 1.02 

1.11 

2.22 

6. 

1.07 

2.18 

2.18 

* 8. 

* 1.09 

4.36 

2.17 

8. 

1.10 

Carboxymetbylceliulose 

0.96 X 10-« 

1.93 

19. 

1.23 

1.96 

1.88 

21. 

1.26 
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the same for all the salts tested when calculated to the same sodium concen- 
tration. Their effects on the critical concentration of sodium laurate are just 
slightly less than those found by Corrin and Harkins (4) for the influence of potas- 
sium chloride, potassimn sulfate, and sodium pyrophosphate on the critical con- 
centration of potassium laurate. The difference is not considered significant. 
The effect of the Calgon was not so great as that of the other salts up to a con- 
centration of around 0.05 M, where it began to salt out the soap. This suggests 
that some of the sodium is “bound” to the colloidal phosphate ion. 



Fig. 1. Effect of alkaline electrolytes on the “critical” concentration for micelle for* 
mation in sodium laurate solutions at 26°C. O, sodium chloride; •, sodium hydroxide; 
□ , sodium carbonate; ■, trisodium phosphate; A, sodium metasilicate; A. tetrasodium 
pyrophosphate; O, tetrasodium borate; 0, sodium silicate with an SiOt/NaiO ratio of 
1.60; 9 , sodium silicate with an SiOi/NatO ratio of 2.46; X, sodium silicate with an SiOi/ 
NatO ratio of 3.93; A, sodium “hexametaphosphate” (Calgon) ; O, carboxymethylcellulose. 

The solubilities of the dye Orange OT at ()0°C. in sodium and potassium lau- 
rates alone and in the presence of four sodiiun silicates are given in tables 2 and 3 
and illustrated in figures 2 and 3. 

The only comparable data in the literature are those of Green and McBain (8), 
who give 0.44 and 0.95 mg. per 100 cc. as the solubility of Orange OT in 0.025 N 
potassium and sodiiun laurate solutions, respectively, at 25°C. While solubiU- 
sation is usually greater at higher temperatures, the reverse may be true in con- 
centration regions where the proportion of miceUes may decrease with 
temperature. 

Hie most noteworthy feature of the data is the marked change in the amount 
of dye solubOised at around 0.023-4).024 M for the sodium and potassium laurates 



TABLE 2 

S^iMlitation Orange OT (M.W. m 262) in agueaus e&luttms of sodium laurate alone and 
in the presence of various sodium silicates at 


MCMUXiry OF 80AF 

tk¥S FBI 100 ML. or 
SOLUTION 

OTB FXF MQUE OF SOAP 

PTB FSB MOUt OF SOAF 

X io» 

M 

mg, \ 

grams 

mates 

2.0 X 10-* 

0.08 

0.040 

0.15 

2.10 X 10-* 

0.11 

0.062 

0.20 

2.20 


0.066 

0.21 

2.30 


0.057 

0.22 

2.40 


0.062 

0.24 

2.50 

0.24 

0.096 

0.38 

2.60 

0.36 

0.14 

0.53 

2.70 

0.44 

0.17 

0.65 

2.80 

0.63 

0.22 

0.84 

In 0.026 M (0.41 per cent) Na,01.78i0, 

1.0 X 10-* 

0.10 


0.38 

1.2 X 10“-* 

0.06 


0.19 

1.4 

0,09 

0.064 I 

0.24 

1.6 

0.34 

0.21 

0.80 

1.8 

0.66 

0.37 1 

1.41 

2.0 

0.83 

0.42 

1.60 


In 0.025 M (0.62 per cent) Na20*5Si02 


1.0 X 10-» 

0.03 

0.030 

0.11 

1.10 

0.03 

0.027 

0.10 

1.20 

0.04 

0.033 

0.13 

1.30 

0.06 

0.046 

0.18 

1.40 

0.08 

0.057 

0.22 

1.50 

0.12 

0.080 

0.30 

1.60 

0.31 

0.19 

0.74 

1.70 

0.44 

0.26 

0.99 

1.80 

0.59 

0.33 

1.26 

1.90 

0.62 

0.33 

1.26 

2.00 

0.85 

0.42 

1.60 

In 0.025 M (0.76 per cent) Na2O*4.0SiO2 

1.0 X 10-* 

0.04 

0.040 

0.16 

1.10 

0.07 

0.063 

0.24 

1.20 

0.08 

0.067 

0.26 

1.30 

0.08 

0.061 

0.23 

1.40 

0.08 

0.057 

0.22 

1.60 

0.19 

0.13 

0.50 

1.60 

0.33 

0.21 

0.80 

1.70 

0,47 

0.28 i 

i 1.07 

1.80 

0.61 

0.34 

1 1.20 

1.90 

0.78 

0.41 

1 1.56 

2.00 

0.89 

1 0.45 

i 1.71 


In 0.0126 M (0.20 per cent) NasO l.TSiOj 


1.20 X 10-* 

0.06 

0.040 

0,15 

1.40 

0.12 

0.086 

0.33 

1.60 

0.14 

0.08S 

0.34 

1.80 

0.18 

0.10 

0.38 

A 

0.33 

0.16 

0.61 
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TABLE 3 

Solvbilizati<m of Orange OT in aqueous solutions of potassium laurate and potassium 
laurate^sodium silicate mixtures at 60‘‘C. 


MOLAXXTY OF SOAP 

DYE FEE 100 ML. OF 
BOLOnON 

DYE PEE MOLE OF SOAP 

DYE PEE MOLE OF SOAP 

X 10* 

•M 

mg. 

grams 

moles 

2.00 X 10-* 

0.13 

0.065 

0.25 

2.10 X 10-* 

0.15 

0.071 

0.27 

2.20 

0.16 

0.073 

0.28 

2.30 

0.20 

0.087 

0.31 

2.40 

0.26 

0.11 

0.42 

2.50 

0.35 

0.14 

0.53 

2.60 

0.43 

0.17 

0.65 

2.70 

0.52 

0 19 

0.73 

2.80 

0.66 

0.24 

0.92 

In 0.025 M (0.33 per cent) Na 2 SiOj 

1.00 X 10“* 

0 06 

0.060 

0.23 

1.10 

0 07 

0.064 

0.24 

1.20 

0.08 

0.067 

0.25 

1.30 

0.14 

0.10 

' 0.38 

1.40 

0.15 

0 11 

0.42 

1.50 

0.22 

0.15 

0.57 

1.60 

0.38 

0.24 

0.92 

1.70 

0.52 

0.31 

1 18 

1.80 

0.64 

0.36 

1.37 

1.90 

0.76 

0.40 

1.52 

2.00 

0.92 

0 45 

1.71 

In 0.025 M (0.41 per cent) Na20-1.7Si02 

1,00 X 10-2 

0.10 

0.100 

0.38 

1.20 X 10 -2 

0.06 

0.050 

0.19 

1.40 

0,13 

0.093 

0.35 

1.60 

0.33 

0.21 

0.80 

1.80 

0.60 

0.33 

1.26 

2,00 

0.85 

0.43 

1.64 

In 0.0125 M (0.20 per cent) NatO l.TSiOs 

1 00 X io-» i 

0.03 

0.030 

0.11 

1.20 X 10-* 1 

0.06 

0.050 

0.19 

1.40 j 

0 06 

0.043 

0.16 

1.60 j 

0.10 

0.062 

0.24 

1.80 1 

0.11 

0.061 

* 0.23 

2.00 1 

0.38 

0.19 

0.73 


in water, 0.018 M in 0.0125 M sodium silicate of SiC)*/Na«0 ratio 1.6, and 0.014 
M in 0.025 M solutions of the sodium silicates. The concentration at which this 
occurs is taken as the “critical” concentration for micelle formation. 

The value for the critical concentration of 0.024 M for sodium laurate at 60®C. 
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thus obtained by the solubilisation method agrees wi^ our value of 0.0237 M at 
25X!. obtained by the dye.>titration method. It also is in fair agrean^t mth 
the value of 0.028 ilf obtained by EkwaQ (6) from dectrical conductivity meas* 
urements at 17-70°C., and in good agreement with the figure of 0.023 M obtained 
by measuring the solubilisation of p-dimethylaminoasobensene at 50°C. (11). 
Omr value of 0.023 M for the critical concentration of potassium laurate obtained 
from dye solubilization measurements at 60°C. agrees with the value of 0.0235 M 
given by Corrin and Harkins (4) from their dye titrations at 26“C. The osmotic 
data of McBain and Bolduan at 0°C. (13) likewise indicate that micelle formation 



Flo. 2. Solubilufttion of Orange OT in sodium laurate solutions alone and with added 
sodium silicates at 60*C. O, sodium laurate in water; • , sodium laurate in 0.025 JIf sodium 
silicate with SiOi/NaiO ratio of 1.6; □, in 0.025 M sodium silicate with Si02/Na]0 ratio of 
2.46; ■, in 0.025 M sodium silicate with SiOt/NaiO ratio of 3.93; A, in 0.0125 U sodium 
ulicate with SiOi/NaiO ratio of 1.6. 

begins in this region, although their experimental points are not sufficiently 
numerous to show the “critical” concentration. However, Bury and Parry’s 
data (2) on the density of potassium laurate solutions at 26‘’C. as a function of 
concentration show that an abrupt change of dope regarded as indicative of 
micelle formation occurs at 0.9 per cent or 0.038 N. 

It is also at a sodium laurate concentration of approximately 0.024 M where 
solutions of this soap first show a minimum interfacial tension against heptane 
(5). Hovrover, changes in the surface-tendon and interfacial-tendon curves are 
not necessarily indications of miceUe formation. 

Our data m the solubilization of Orange OT by sodium palmitate solutions at 
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0O®C. show that an increase in the dye solubilized per mole of soap, indicative of 
the ^'critical” concentration for micelle formation, occurs at 4 X 10^^ M or 0.011 
per cent. 

Figures 2 and 3 show that the four silicates varying in Si02/Na20 ratio from 
0.97 to 3.93 when compared at an equivalent Na20 content increase the solubili- 
zation of Orwge OT to about the same extent under our conditions. They 
lower the ‘‘critical” concentration similarly, and no variation in their effect on 
micelle formation^ of the soap at higher concentrations was detected in this work. 
McBain and Green (15) found that 1 M potassium hydroxide, potassium thiocy- 
anate, and potassium chloride solutions and 0.5 M potassium sulfate solutions 


O0IIC*N. Of fOTAaONIII LAURATC Mk) 



Fio. 3. Solubilization of Orange OT in potassium laurate solutions alone and in the 
presence of sodium silicates at 60°C. O, potassium laurate in water; • , potassium laurate 
in 0.025 M NaeSiOj; O, potassium laurate in 0.025 M sodium silicate with Si02/NaaO ratio 
of 1.6; A, potassium laurate in 0.0125 M sodium silicate with SiOa/NajO ratio of 1.6. 

increased the solubilization of Orange OT by different amounts at higher soap 
concentrations. At the low soap concentrations (<0.028 M) and elevated tem- 
perature (()0°C.) studied here, potassium and sodium laurate solutions of equiva- 
lent concentrations are approximately equally effective as solubilizers for Orange 
OT. At higher concentrations and 25°C., Green and McBain (8) found the 
sodium soap to be definitely superior. 

The turbidity of our dilute laurate solutions due to hydrolysis reached a maxi- 
mum at about the concentration at w'hich the dye solubility increased. Above 
this “critical” concentration the products of hydrolysis were apparently solubil- 
ized and clear solutions formed. No corrections were made for the absorption of 
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]i|^ due to turbidity us compared with our- distilled water standard. Such a 
correction would make the true solubility of the dye somewhat less at the “criti- 
cal” concentration and below, but would not appreciably change the values given 
at higher concentrations. Under our conditions the correction would be 0.08 mg. 
per 100 ml. or less. Applying this correction would make the change in slope even 
more than that shown in figures 2 and 3. 

It is important that some dye was solubilized at concentrations below the 
“critical” concentration for micelle formation. The color due to this dye solu- 
bility was apparent to the eye. This slight solubilizing action may indicate the 
presence of a type of micelle or association product below the “critical” concen- 
tration for miceUe formation. The existence of aggregates below this concen- 
tration is indicated by electrical conductivity (1, 12), by the effect of alcohol on 
electrical conductivity (7, 23), by interaction with dyes (IQ), and by surface 
anomalies (18). 


TABLE 4 


SolubilizatioH of Orange OT in 0.6 per cent eodium laurale-eodium 
metasilicate mixtures at 80'‘C. 


SOAP IN inXTUXP. 

DYE PEE 100 la. Of SOLUTION 

per cent 

milligrams 

100 

0.48 

95 

0.42 

90 

0.45 

85 

! 0.46 

75 

0.42 

60 

i 0.26 

50 

1 0.29 

35 

0.26 


Table 4 shows that in sodium laurate-sodium metasilicate mixtures contain- 
ing 0.6 per cent solids, up to about 30 per cent of the soap can be replaced by 
metasilicate before its ability to dissolve w'ater-insoluble dye changes very much, 
even though the metasilicate itself is not a solubilizer for the dye. Even when 
65 per cent of the soap has been replaced, the solubility is still more than half that 
in the pure soap solution alone. The effect of the sodium metasilicate in increas- 
ing the proportion of soap micelles and their effectiveness as solubilizers is about 
sufficient to offset the lowered soap concentration. 

discussion 

Data obtained by the dye-titration method show that all sodium and potassium 
salts lower the critical concentration for micelle formation in soap solutions to the 
same extent when calculated on a cation-equivalents basis. Corrin and Harkins 
(4) first showed this to be true for potassium laurate solutions to which varying 
amounts of potassium chloride, potassium sulfate, and tetrasodium pyrophos- 
phate had b^n added. They also found that the “critical” concentration of 
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sodium dodecyl sulfate was lowered to the same extent by the chloride and the 
sulfate. The ‘^critical’’ concentrations of dodecylammonium chloride and decyl- 
trimethylammonium bromide were lowered similarly by equal concentrations of 
sodium, barium, and lanthanum chlorides, calculated on an anion-equivalents 
basis. Our data show that the ‘‘critical” concentration for micelle formation in 
sodijum laurate solutions of equivalent cation concentrations is lowered, within 
experimental error, to the same extent by sodium chloride, sodium hydroxide, 
sodium ortho- or pyro-phosphate, sodium tetraborate, and four sodium silicates 
with silica-to-soda (Na20) ratios by weight of 0.97, 1.60, 2.46, and 3.93. The 
effect of the four sodium silicates on the “critical” concentration is confirmed by 
the solubilization method. In view of the well-known and thoroughly estab- 
lished fact that other physicochemical properties of soap solutions are affected 
very differently by various anions and cations and particularly by the pH, this at 
first seems a most surprising result. For example, Powney and Noad find that 
sodium chloride decreases the suspending power of soap solutions, whereas the 
various sodium silicates greatly increase it (21). 

It is clear from the data and figures that the concentration at which micelle for- 
mation occurs is not dependent entirely on the amount of salt added or the total 
ionic strength of the solution. The variation of the ‘‘crit ical” concentration in the 
presence of added salts is not in ncmrd with the Debye -Htickel etiual ions.- Prob- 
ably this is because the high electrical charge on the micelle repels oppositely 
charged ions sufficiently so that variation of their (*harge has little or no effect 
on the electrical field around the micelle. 

Since the average soap micelle contains neutral molecules, the equation govern- 
ing the equilibrium between free ions and ions associated into micelles can be 
written, in accordance with the law of mass action, as: nA + 6B = AoB^, where 
A represents the cation such as sodium or potassium, and B the anion such as the 
laurate. The small letters, a and h, are integers probably varying from 5 to 100 
for soap solutions. The equilibrium constant will be given by 

= A' 

According to these equations any material furnishing an ion of the type A or B 
should increase micelle formation. In fact, any material which is incorporated 
into the micelle, such as solubilized organic dyes or liquids, might be expected to 
increa.se the formation of micelles. The action of various sodium salts in increas- 
ing micelle foimation in soap solutions may then be regarded as a common-ion 
effect and in accordance with the law of mass action. Just as in the case of the 
analogous solubility-product relationship, this effect would be expected to be 
dependent mainly on the concentration of the common ion and relatively inde- 
pendent of the nature of the other ion associated with it. In the case of the effect 
on micelle formation, the “common ion” need not be the same as one of the soap 
ions or even ionic. Sodium and potassium salts behave identically in this respect . 
The “common ion” in this case need only be incorporated in the micelle. Possi- 
bly a modified equation would govern the interaction between ions, micelles, and 
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BOlubilized materials. Further evidenoe that added salts form micelles by a 
common^on effect in accordance whb the law of mass action is given by McBain 
and Brady (14), who show that potaasitim chloride and potassium sulfate lower 
the osmotic pressure of potassium laurate to approximately the same extent at 
equal potassium*ion concentrations. 

Soap builders, such as the soluble silicates, may improve detergent actiqu by 
lowering the concentration at which micelle formation begins, and increase the 
proportion of micelles at all soap concentrations. Probably they also increase 
sorption of soap by the fabric and dirt. However, their effect on micelle for- 
mation is not the main method by which builders improve detergent action, and 
certainly is not responsible for the wide variation in the effectiveness of the 
various alkaline electrolytes used as soap builders. 

SUMMARY 

At equal sodium-ion concentrations, solutions of sodium chloride, sodium hy- 
droxide, sodium ortho- or pyro-phosphate, sodium tetraborate, sodium metasilicate, 
and three sodium silicates with silica-to-soda (NasO) ratios of 1.60, 2.46, and 3.93 
lower the ‘‘critical’’ concentration for micelle formation in sodium laurate solu- 
tions to the same extent. The data were obtained by the dye-titration method 
with pinacyanol chloride. Measurements of the solubilization of Orange OT in 
dilute sodium and potassium laurate solutions at 60®C. alone and with four 
sodium silicates confirm this result. The decrease in the “critical” concentration 
for micelle formation in soap solutions due to the salt is interpreted as a common- 
on effect, in accordance with the law of mass action. 
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1. Photometric Method for the Determination of the Coagulation 

Value of Electrolytes 

INTRODUCTION 

The importance of coagulation phenomena in hydrophobic colloidal systems 
is attested by the large number of papers on the subject in the scientific literature. 
The “coagulation value” is generally expressed in terms of the millimoles of 
electrolyte, per liter of final volume of sol, required to produce coagulation. 
Since there are various definitions of the tenn “coagulation”, the actual number 
assigned to the coagulation value depends on the purpose and method of the 
particular investigation. 

The most basic method of determining complete coagulation is the direct 
observation of the phenomenon with the ultramicroscope. Since, however, this 
is a long tedious process usable only with dilute colloids and not easily adaptable 
to following the rate of coagulation, a number of other indirect methods have 
been' employed. Of all the indirect methods, probably those involving some 
type of optical measurement are now the most frequently used. These measure- 
ments include turbidimetric, nephelometric, spectrophotometric, colorimetric, 
and photometric methods. The type of instrument used has gradually changed 
from the visual to the photoelectric type, so that the accuracy does not depend 
upon individual judgment. 

Mukherjee and Papaconstantinou (5) were the first to use spectrophotometric 
and photometric methods. Since that time various t>q)es of these instruments 
have been employed. Sometimes the measurements were made only for the 
purpose of following the course of agglomeration as a means of studying such a 
phenomenon as the kinetics of coagulation. Where the methods were used to 
determine a coagulation value, the value was given in terms of the concentration 

^Present address: Department of Chemistry, Wellesley College, Wellesley, Massachu- 
setts. 



788 


SUZABBTH F. TULLEB AND E. 1. FULMER 


erf electrolyte necessary to produce a certain effect in a given time as etetmnined 
by the methods mentioned above. That is, the linuting values of degrees of 
turbidity, angles of rotation, intensities of light, and other criteria are indicative 
of changes in the colloid. These methods are valid only for comparative pur- 
poses but not for absolute data, that is, curves may be drawn indicating tren^. 

In an attempt to improve upon the above methods, Wannow (10) described 
a procedure in which he first plotted the relative transmittancies against the 
time of coagulation for various concentrations of electrolytes. He then plotted 
the relative transmittancies for a specified time (such as 5 min.) against the 
activities of the Coagulating (dominating) ion; the curve is S-dtaped with a sharp 
inflection point. The concentration of electrolyte at the inflection point is 
taken to be the coagulating value. Wannow’ and Hoffmann (11) stated that 
this method gave absolute values, based on the fact that the curve obtained by 
plotting the number of particles in a given time against the activity coeflBcient 
of the coagulating ion showed about the same course, particularly the same in- 
flection point, as did the corresponding curve of light transmission against ac- 
tivity coeflicient. The work showing this correlation was reported on by Hoff- 
mann and Wannow (2). 

Troelstra and Kruyt (7) took exception to the above method of Wannow for 
determining the coagulation point. As they indicate, the inflection point for 
the curve based on transmission at 2 min. will not be the same as that taken at 
5 min., and so forth. They, therefore, do not believe that it is characteristic 
of the coagulation capacity of the electrolyte used. They also question the 
standard method of Investigating coagulation by determining sedimentation in a 
given length of time, because it indicates not only coagulation b’. t a length of 
time for subsequent sedimentation. Differences in rates of coagulation will 
be associated with the formation of different kinds of aggregates which, in turn, 
settle at different rates. Therefore, from the point of view' of kinetics, Troelstra 
and Kruyt suggest that it would be better to choose a certain degree of particle 
number obtained in a definite time as the criterion for the investigation of 
agglomeration. It is more important to know' the point at which deformation 
of the double layer occurs, even though it might not lead to complete coagula- 
tion. But, at least, a method should be .chosen, such as the color change of 
a gold sol, w'hich indicates a certain aggregation degree independent of the 
occurrence of sedimentation. 

In addition to the difficulties described above, the choice of definition of the 
coagulation also causes considerable confusion, since upon occasion it refers to 
an end point and at other times to a process. The authors, therefore, suggest 
the following terminology to clarify the issue. A gghmercMon refers to the process 
of adhetiom of the colloidal particles to form larger aggregates. Coagulation 
refers to the final stage of .agglomeration which leads to separation into two 
obvious phases through sedimentation. 

EXPERIMENTAL 

The present paper deals with the development of a procedure to determine 
the coagulation value of hydrous ferric oxide sols, independent of the occurrence 
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of sedimentation. This procedure also permits the study of rate of agglomera- 
tion and the structure of the flocculate as evidenced by rate of subsequent sedi- 
mentation. The progress of the agglomeration was followed by determining 
the change in transmission of light by means of a KWSZ photometer purchased 
from the Wilkins-Anderson Company. This photometer consists essentially of 
a double-cell, balanced-bridge system using photoelectric cells and glass ab- 
sorbent filters with a 100- watt lamp as a light source. The tubular cuvettes 
used were held in the instrument by adaptors placed on the carriage. The filter 
chosen was the 9 absorbing at 725 millimicrons; this filter gave the maximum 
light transmittancy for the hydrous ferric oxide sol used in the study. The 
standard employed was the colloid diluted to the appropriate c.oncentration with 
distilled water. The per cent transmission of the agglomerating colloid was 
noted each minute for the first 5 min. and approximately every 5 min. thereafter 
until coagulation took place. 

Since it is well known that a difference in the method of mixing the colloid 
and the coagulating electrolyte will cause a difference in the agglomeration be- 
havior, a uniform method of mixing was employed. The procedure followed was 
to add to the colloid a sufficient quantity of electrolyte to make the total volume 
5 rnl. Th(^ mixture was immediately stirred and placed in the instrument. 
The first reading of transmission of light was taken 30 sec. after the addition of 
the electrolyte. The (choice of the amount of colloid used was on the basis of 
the final concentration desired. The usual concentrations of colloid employed 
were 20, 20, 50, 20, and 80 per cent, although in some cases concentrations as 
low as 5 per cent were used. 

The hydrous ferric oxide sol employed in the experiments was the so-called 
Sorum sol (6). The method of preparation was by the modification described 
by Tuller and Eblin (9). The procedure was further modified by using Visking 
cellophane sausage casing, which allowed maximum purification of the sol in 
24-48 lir. of dialysis. vSince the time of dialysis is only a qualitative indication 
of purity, the purity (designated as P) is expressed as the ratio of iron to chloride 
in terms of gram-equivalents; the higher the value of P, the purer is the sol. 
Full details as to all of the above points have l>een given by Tuller (8). 

When agglomeration takes place, absorption of light increases, causing a de- 
crease in the intensity of light striking a photoelectric cell. This change of 
transmission was recorded as the per cent transmission at a given time. Thus 
the complete course of agglomeration could be fol owed as a function of trans- 
mission and time until coagulation, and finally sedimentation, resulted. The 
transmission for a given sol decreases with agglomeration until (coagulation 
occurs, after which the transmission increases. The second phase of this change 
in transmission is related to the type of aggregate formed and the rate of sedi- 
mentation following coagulation. Although WannoAv (10) and others have 
mentioned that the curves of opacity or per cent transmission plotted against 
time show an increase in transmission of light after the original decrease, none 
of these investigators have concerned themselves with the possibilities of using 
the change in slope. In fact, for the most part, they have failed even to indicate 
the full course of the agglomeration. 
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Gra|^ are pi^sented in figure 1 showing the per cent light tnmsmissian as a 
function of time cm addition of electrol}rte to the soL lire letter A indicates the 
Sorum sol and the subscript the original batch chosen. Howevm*, different sole— 
for example, A« and Aa — were found to give results in close agreement imder 
otherwise identical conditions. The concentration of the sol is given in terms 

vdume of oriipnal sol per total volume; for example, 80 per cent refers to 80 

ml. of the original sol diluted to 100 ml. with water. The symbol P refers to 
the purity of the sol and has been previously defined. 

It will be noted that the transmittancy decreases as a^omeration progresses 
and then increases at the point of coagulation. It was found that the rate of 
increase of transmittancy is indicative of the subsequent rate of sedimentation. 
Whrai cuvettes were removed from the instrument at the instant of chan^ of 
slope, no sedimentation was observable. Sedimentation sufficient to show 2-3 

mm. of clear supernatant liquid occurred from 15 sec. to several hours following 
the break in the curve. Floes (visible particles) were observed in every case 
just as the time of the change of slope, but not before. For convenience, the 
time at which the break occurs has been denoted as the critical time or The 
critical time is therefore the coagulation time, i.e., the time when agglomeration 
is complete but sedimentation has not yet occurred. 

The series of graphs in figure 1 illustrates the types of changes of light trans- 
mission that take place when an electrolyte is added to a colloid. Figures la 
through Ic show the changes in the transmission as the critical time or coagula- 
tion time is reached more rapidly. It should be noticed that as the critical time 
becomes smaller, the rate of chaage of transmission becomes greater. This indi- 
cates not only that agglomeration is more rapid but that sedimentation takes 
place more rapidly. This very general statement is most accurately applied to 
colloids differing only in concentration of the added electrolyte. 

The concentration and purity of the sol affect the critical time and rate of 
sedimentation. The increase in transmittancy for the 80 per cent sol (figure 

l d) does not increase as rapidly, following the critical time, as with the 50 
per cent sols (figures la to Ic). Moreover, the more pure concentrated sol (figure 

le) shows a sharper change than does the less pure sol. These differences are 
associated with the types of coagulum formed and are indicated not only by 
changes in light transmittancy but also by the rate of sedimentation. In the 
case shown in figure Id, the rate of clumge of light transmission during agglomera- 
tion is very rapid and the critical time has a small value; yet the increase in 
transmission is very slow. When examined, this colloid showed agranular, 
dense coagulum which settled very slowly. This is in contrast to the flocculent, 
massive, rapidly settling coagulum of the 50 per cent sols (figures la to Ic). 
The coagulum of4he highly concentrated sol becomes more massive and iloc- 
culent as purification proceeds and hence settles more rapidly, as indicated in 
figure le. 

If the colloid is of such nature that coagulation causes a tendency toward 
gelation, the critical time is frequently indicated by a sharp decrease in transmis- 
tion before a rapid increase. This is illustiated by figure If, in which the sd was 
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coagulated with potassium ferricyanide. The sharp decrease is due to a sudden 
packing effect occurring at the coagulation point and before sedimentati(Hi takes 
place. With some preparations of sols and high concentrations of polyralent 
ions coagulation ultimately produced gelation such that there was just a steady 
decrease in transuission until sedimentation was nearly complete. The decrease 
in transmisfflon was due to a^lomeration and the packing following coagulaticm 
but gave no indication of the coagulation point. The critical time, therefore, 
can be determined only on colloids not showing gelation tendencies upon coagula- 
tion and is indicative only of the time needed for coagulation, not of the type 
of coagulum or the rate of sedimentation. 

It was found that the transmission curves were exactly reproducible for 48 
to 72 hr. following dialysis before the aging effects on the colloid were sufficient 
to produce a noticeable change in the properties of the system. For an addi- 
tional 48 to 72 hr. the critical time was the same, but the total change in slope 
on either side of this point had started to vary. By this time the aging effects 
were producing a noticeable difference in the properties of the colloid. After 
this period of 5-6 days, the critical time had changed. Thus the transmission 
curves and the critical time may be used as an indication of the effects of aging 
on the colloid. 

The critical time was also found to be related to the kinetics of coagulation. 
Coagulation phenomena are generally divided into two types, rapid and slow. 
Rapid coagulation is usually characterized by a rapid attainment of complete 
agglomeration followed by quick sedimentation and is produced by relatively 
high concentrations of a given electrolyte. Slow coagulation, on the other 
hand, is attained by relatively low concentrations of electrolytes, and slow sedi- 
mentation follows complete agglomeration. The.se, however, are merely quali- 
tative indications of the rate of coagulation and, as has been emphasized in the 
earlier discussion, are not always adequate. That is, under certain circum- 
stances, high concentrations of electrolytes may produce rapid and complete 
agglomeration but sedimentation may be relatively slow. 

The use of the critical time in differentiating between rapid and slow coagula- 
tion is shown by the data in table 1 and figure 2, relating the critical times to 
concentrations of three electrolytes: — sodium chloride, sodium sulfate, and po- 
tastium ferricyanide. Figures 2b, 2d, and 2f show that, w'ithin the limits marked 
by asterisks, the critical time is a simple exponential function of the concentration 
of the electrolyte, that is, the logarithm of U is a linear function of the concentra- 
tion of the electrol 3 d». The deviation from this linear fimction which occurs 
with very rapid coagulation, i.e., when the Value of te is small, may be due to 
limitations of the method rather than to any difference in behavior of the colloid. 
The high-value times not fallii^ within the exponential fimction, however, are 
due' to dow coagulation. In other words, the extent of the rapid coagulation is 
indicated by the range of the exponential function, while the slow coagulation is 
indicted by critical times too long to be included in the linear relationship. 

The range of critical times over which the ejqxmentid function was applicable 
varied with the electrolyte used. For example, the length of the strai{ffit-Une 
fonction is Sorter for the univalent electrolytes, as exemplified by sodium 
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TABLE 1 


Critical timCf as a function of the concentration of electrolyte for sole of 80 per cent 
concentration and purity (P) as indicated 


SOL 

CONCENTRATIOIf OF ELECTROLFXE 

tc 

LOGie 


M 

— 

min. 


A# (P « 14.7) 

0.27 NaCl 

1 49 

1.60 


•0.32 

19 

1,28 

1 

0.40 

14 

1.15 


•0.48 

10 

1.00 

At (P - 475) ... . 

•1.20 X l(t* KSOi 

35 

1.54 


1.25 X 10-* 

25 

1.40 


1.28 X 10"* 

18 

1.25 


1.31 X IQr* 

14 

1.15 


•1.36 X 10-* 

10 1 

1.00 


1.40 X 10-* 

9 

0.95 

i 

A, (P « 99) 1 

•5.32 X 10"* K3Fe(CN)c 

46 

1.66 


5.43 X 10-* 

25 

1.40 


5.60 X 10"* 

8 

0.90 


•5.80 X 10"* 

2 

0.30 


6,00 X 10"* i 

1 

2 

0.30 



M NoCI 
Zq 



\ I I I L- 

OJ az 03 0.4 0.5 


M NoCI 
Zb 






Fig, 2. Critical time (^c) as a function of the molarity of electrolyte for sols of 20 per cent 
concentration and purity (P) as indicat^ed. 
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diloride, titum it is for potasaum sulfate and potassium fraricyaiude. In gm- 
eral, it was observed that the critical times for the uniyal^t dectrcdytes extend 
at t^e most from 5 to 35 min., while those for potasaum sulfate and potassium 
ferricyanide have ranged from 3 to 50 min. That is, the xone of rapid coagula- 
taon is greater for a polyvalent effective uoi than for a monovalmit ion. 

Owing to the complexity of the colloidal ^stem and the resultant hystereas 
phen(Hnena associated with it, at this time it is probably imposable to designate 
an absolute coagulation value. Since many conoentratioas of electrolytes may 
produce coagulation in a given colloidal ^stem, it seems more logical to use for 
oamparison purposes critical times and the concentrations of electrolytes cor- 
responding to those times. Within the limitations imposed by hysteresis, prob- 
ably the concentration electrolyte needed to produce a given critical time for 
a colloid system defined in terms of method of preparation, purity, and concen- 
tration should be reasonably constant. It certmnly is adequate as far as using 
critical times and the corresponding concentrations of electrolytes for comparison 
purposes. Caution must be observed to insure that any times taken for com- 
parison are all from the same general type of coagulation, rapid or slow. 

SUMMARY 

In order to clarify confusion in the use of the term “coagulation” the following 
definitions have been proposed: Agglomeration refers to the process of adhesion 
of the colloidal particles to form larger aggregates; coagulation refers to the final 
stage of agglomeration which leads to separation into two obvious phases through 
sedimentatikm^ 

Agglomeration of hydrous ferric oxide sols was followed by a photometric pro- 
cedure. The transmittancy of li^t decreases as agglomeration progresses and 

f (|n increases at the point of coagulation. The rate of increase of transmittancy 
mdicative of the subsequent rate of sedimentation. 

The time at which the direction of the transmittancy curve reverses direction 
is the time for coagulation and is designated tc, the critical time. The value of 
te is, within limits, an exponential function of the concentration of electrolyte, 
that is, log te is a linear function of the concentration of electrolyte. This linear 
relation holds only through the range of rapid coagulation. For values of te, 
greater than the linear range, slow coagulation is indicated. Critical times within 
the range of rapid or slow coagulation may thus be chosen as a basis upon which 
to compare the concentrations of electrolytes required to produce coagulation of 
a given sol. 

11. Relation op the Purity of the Sols to the Burton-Bishop Rule 

INTRODUCTION 

Burton and Biriiop (1) in 1920 formulated a rule relating the concentration 
of hydrophobic colloids to the coagulation value of an added electrdyte. The 
so-called Burton-Bishop rule is as follows: (1) The coagulation vidues of uni- 
valent ions increase with decreasing sol concentration. {£) The coagulation 
values of bivalent ions remain almost constant regardless of sol concentration. 
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(S) The coagulation values of trivalent ions vary directly with sol concentra- 
tion. Since the time of the formulation of this rule there has been considerable 
discussion as to the extent of its applicability, particularly in regard to the col- . 
loids known as the hydrous oxides. 

Up until the time of the work of Judd and Sorum (3) it was generally believed 
that the hydrous oxides were an exception to the rule. Judd and Sorum, how- 
ever, used a specially purified hydrous ferric oxide sol and showed that the 
Burton-Bishop rule held. They ascribed this correlation of concentration of 
the colloid and coagulation value of the electrolyte to the high purity of the 
colloid. Although Sorum’s work was challenged several times, it was confirmed 
by Kauffmann (4) and Tuller and Eblin (9). Weiser and Milligan (12) pointed 
out that the Sorum effect is to be expected; the purer sol is more unstable to 
electrolytes and upon dilution becomes relatively more stable. Hence the sol 
formed by dilution of an unstable preparation would be relatively more stable 
to univalent coagulating ions than the sol formed by dilution of an impure highly 
stable preparation. 

EXPERIMENTAL 

(a) Sodium chloride as the electrolyte 

The course of the agglomeration of hydrous ferric oxide sols was followed 
photometrically, using the techniques described in Section I of this paper. The 
critical time, /«, was used as a criterion for coagulation of a h3^drous ferric oxide 
sol, the purity of the sol with respect to the chloride-ion concentration, and the 
coagulation value of an added electrolyte. Most of the data were obtained 
in the region of rapid coagulation, i.e., the region in which the critical time is 
an exponential function of the concentration of electrolyte. The similarities 
and differences in slow and rapid coagulation were shown and will be discussed 
later. Several critical times were determined for each concentration of the sol, 
and data were obtained for three to six different concentrations for each sol 
purity. 

Data are given in table 2 for the critical time, fr, as a function of the concen- 
tration of sodium chloride and of the purity, F, and concentration of sol As. 
Values are given for m and 6, through the range of application of the linear 
relation: 


c = mlogtc + b 

in which c = concentration of electrolyte in millimoles per liter and te = critical 
time. The asterisks in the table indicate the demarcation between rapid and 
slow coagulation; in all cases at least one slow coagulation value and a limiting 
value is given. The limiting value is the concentration of electrolyte which will 
just produce agglomeration of the colloid, as indicated by a steadily decreasing 
transmittance. The value of the intercept, 6, is the extrapolated coagulation 
value for a critical time of 1 min. While such values cannot be obtained ex- 
perimentally at 1 min., they do serve a useful purpose in correlating the various 
results for rapid coagulation. 
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Data for P 47, 119, and 510 are plotted in figuree 3, 4, and 5, For values 
of P less than 119 the strai^t lines t^d to intersect at a comnum point, as ilhis* 

TABLE 2 


Critical time, <«, os a function of concentration of todium ehlorid* and of the purity, P, and 

concentration of aol At 


BOL 

COMO^KATIOK 
OF NaCl 

le 

1.00 <0 

m 

b 

P 

Concentration 


per cent 

miUimeles /liter 

min. 




14.7 

20 

240 

Limiting value 





272 

45 

1.65 





*320 

19 

1.28 





400 

14 

1.15 





480 

11 

1.04 

-731 

1240 


40 

240 

Limiting value 





276 

39 

1.59 





•300 

20 

1.30 





360 

15 

1.18 





420 

12 

1.08 





480 

9 

0.95 

-500 

955 


50 

250 

Limiting value 





280 


1.51 





*300 


1.28 





350 


l.ll 





400 


1.00 





450 


0.84 

-360 

760 


60 

250 

Limiting value 





270 


1.51 





*280 


1.30 





320 


1.18 





360 


1.04 





400 


0.90 

-348 

730 


80 

250 

Limiting value 





260 

55 

1.74 





*280 

20 

1.30 





300 

14 

1.15 





320 

10 

1.00 





360 

5 

0.70 

-130 

450 

47.0 

20 

150 

Limiting value 





240 

30 

1.48 





*272 

22 

1.32 





304 

15 

1.18 





320 

13 

1.11 





400 

6 

0.77 

-24.5 
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TABLE 2^oniinued 


SOL 

CONCEMTKATXON 

Of NaQ 

lo 

LOO te 

m 

b 

P 

Concentration 


per cent 

millimoles /liter 

min. 





40 

170 

Limiting value 





240 

35 

1.54 





*288 

17 

1.23 





300 

15 

1.18 





336 

10 

1.00 





360 

8 

0.90 

- 21.2 

550 


50 

190 

Limiting value 





200 

40 

1.85 ! 





♦260 

20 

1.30 





280 

15 

1.18 





300 

12 

1.08 





320 

9 

0.95 

- 16.2 

475 


60 

210 

Limiting value 





240 

34 

1.53 





•254 

24 

1.38 





280 

15 

1.18 





300 

10 

1.00 





320 

7 

0.84 

-125 

425 


80 

230 

Limiting value 





240 

50 

1.70 





♦260 

23 

1.36 





280 

19 

1.15 

• 




300 

8 

0.90 

- 88.0 

380 

119 

20 

65.0 

Limiting value 





70.0 

65 

1.81 





* 76.8 

33 

1.52 





78.4 

26 

1.41 





85.0 

11 

1.04 

- 19.0 

101 


40 

60 

Limiting value 





70 

60 

1.78 





♦92 

21 

1.32 





102 

14 

1.15 





108 

10 

1.00 





116 

8 

0.90 

- 48.5 

165 


50 

70 

Limiting value 





75 

80 

1.90 





♦85 

25 

1.40 





90 

14 

1.15 





95 

9 

0.95 





100 

5 

0.70 

- 21.5 

115 


TABLE 2 — Continued 


SOL 

COMCSNtnATlON 
or NaCl 

h 

tOOtc 

m 

b 

P 

Concentration 


per cent 

mUHmoUs /liter 

min. 





60 

60 

Limiting value 





77 

28 

1.45 





•92 

13 

1.11 

’’ 




96 

11 

1.04 





112 

7 

0.84 

-81.0 

184 


80 

70 

Limiting value 





78 

51 

1.71 





♦84 

30 

1.48 





96 

16 

1.20 





100 

14 

1.15 





120 

5 

0.70 

-43.5 

150 

151 

20 

24.0 

Limiting value 





38.0 

50 

1.70 





♦40.0 

23 

1.36 





43.2 

13 

1.11 





44.8 

10 

1.00 

-12.2 

56.8 


40 

30.0 

Limiting value 





35.0 

80 

1.90 





♦38.4 

30 

1.48 





40.8 

18 

1.25 


“ 



42.0 

13 

1.11 





45.0 

7 

0.84 

-10.5 

53.8 


60 

26.0 

Limiting value 





34.0 

63 

1.80 





♦36.0 

36 

1.56 





38.4 

27 

1.42 





40.0 

21 

1.32 





42.0 

15 

1.18 

-15.5 

60.5 


SO 

28 

1 

! Limiting value 





35 

63 

1.80 





*40 

16 

1.20 





42 

10 

1.00 





44 

8 

0.90 

-11.5 

54.2 

262 

20 

14.0 

Limiting value 





18.0 

40 

1.60 





♦20.0 

21 

1.32 





22.4 

18 

1.25 





24.0 

15 

1.18 

-28.8 

58.0 


40 

12.0 

Limiting value 





16.0 

45 

1.65 





♦18.0 

22 

1.34 





21.6 

14 

1.15 





24.0 

11 

1.04 

-19.7 

44.5 
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TABLE 2 — Continued 


BOL 

CONCENTBATION 

or NaCl 

Ic 

LOO tc 

m 

b 

P 

Concentration 


per cent 

millimoles /liter 

min. 





60 

12.0 

Limiting value 





14.0 

50 

1.70 





*16.0 

26 

1.41 



• 


18.0 

17 

1.23 





20.0 

12 

1.08 





21.6 

1 ^ 

0.95 

-12.7 

33.7 


80 

10.0 

Limiting value 





14.0 

55 

1.74 





*16.0 

34 

1.53 





16.8 

21 

1.32 





18.0 

14 

1.15 





20.0 

8 

0.90 

-7.2 

26.6 

510 

20 

8.0 

Limiting value 





12.0 

30 

1.48 





*14.4 

17 

1.23 





16.0 

12 

1.08 





17.6 

9 

0.95 

-12.0 

29.0 


40 

4.5 

Limiting value 





6.0 

44 

1.64 





*7.2 

26 

1.42 





9.0 

19 

1.28 





12,0 

11 

1.04 

-12.9 

25.5 


60 

4.5 

Limiting value 





6.0 

40 

1.60 





*9.0 

16 

1.20 





10.0 

13 

1.11 





11,0 

11 

1.04 





12.0 

9 

0.95 

-11.6 

23.0 


60 

4.0 

Limiting value 





6,0 

32 

1.51 





*7.2 

22 

1.34 





8.0 

18 

1.25 





8.8 

15 

1.18 





10.0 

12 

1.08 

-11.2 

22.0 


80 

3.0 

Limiting value 





5.0 

33 

1.52 





*7.2 

15 

1.18 





8,0 

13 

1.11 





9.0 

10 

1.00 





10.0 

8 

0.90 

-10.4 

19.4 



LESENO LE6EII0 

% Sol Cone AOol- % Sol Cone 



Fra. 3. Critica] time as a function of the concentration of sodium chloride for sol A| (P >« 47) at several eoncentiaticms. 
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trated in figure 3b. The point of intersection may be within or just at the zone 
of rapid coagulation. If it lies within the zone of coagulation, the concentration 
of electrolyte for slow coagulation will be in the reverse order to that indicated 
by^ithe intercept 6. If the point of intersection is beyond the zone of rapid 
coagulation, 4ihe order of coagulation values may be, but are not necessarily, 
in the reverse order of that for rapid coagulation. Figure 3b illustrates a case 
in which slow coagulation values are the inverse of rapid coagulation. 

For highly purified sols, that is, P is greater than 150, there is a tendency for 
the straight lines to become parallel as illustrated in figure 5b, and the curves of 
ie against c also do not intersect as seen in figure 5a. This means that the order 
of coagulation values is the same for rapid as for slow coagulation. 

For sols of intermediate purity, from 50 to 150, there is a scrambling effect 
as shown in figure 4. This case shows the relationship of coagulation values 
to concentration of the colloid when the coagulation values are not varying 
directly with or inversely to the concentration of the colloid. The decreasing 
order of the coagulation values in the most rapid coagulation is with concentra- 
tions of sol of 60, 40, 80, 50, and 20 per cent. The order of the coagulation 
values in the slow coagulation as indicated by the limiting values is not the exact 
inverse but decreases with the concentration in the order of 80, 50, 20, 40, and 
GO per cent. In any case in which the scrambling takes place, the intersection 
of lines never occurs so nearly at a conamon point as in other cases in which the 
lines do intersect. 

According to the Burton-Bishop rule, the coagulation value of the univalent 
ions increases with a decrease in the concentration of the colloid for any given 
sol. An examination of the intercept values in table 2 shows that the Burton- 
Bishop rule holds for all but two of the samples of the sol. In these two cases 
where the values of P are 119 and 151, there is a scrambling of the order of the 
coagulation values compared to the concentration of the colloid, but the tendency 
is toward a reversal of the Burton-Bishop rule. Examination of the limiting 
values as an indication of the order of the slow coagulation values shows that 
the Burton-Bishop rule is not obeyed until P for the sol is about 500. In sum- 
marizing the results for sodium chloride it can be stated that, in rapid coagula- 
tion, the Burton-Bishop rule is followed in all cases except in the range of purity 
of approximately 50 to 150 where there is the scrambling effect; in slow coagula- 
tion the Burton-Bishop rule is apparent only if the sol has a purity of 250 or 
higher. 

(5) Potassium sulfate as the electrolyte 

Potassium sulfate was employed as tlie source of the divalent ion. With 
this electrolyte, sol concentrations of 40 per cent or less must be used. With 
higher concentrations, either gelation occurs or the break between rapid and 
slow coagulation is so sharp as to preclude obtaining sufficient points. That is, 
coagulation was so rapid as to give a critical time of 1-3 min., or was so slow as 
to give no coagulation in 1-2 hr. With concentration of sol less than 40 per 
cent, no difficulty was met in determining suflScient critical times to determine 
a straight line. 
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TABLE 8 


Coagulation values of potassium sulfate as a function of the purity and eoneentroUon of sol A* 


SOL 

COMCSKTlATIOir 

or JLiSOa 

Ic 

LOOl« 

Ml 

k 

P 

Concentration 


ptr cent 

millimoles /Ut«f 

min* 




28.9 

5 

0.171 

31 

1.49 





0.190 

16 

1.20 





0.208 

8 

0.90 

- 0.068 

0.260 


10 

0.180 

20 

1.30 





0.189 

14 

1.16 





0.197 

11 

1.04 

- 0.057 

0.255 


20 

0.176 

19 

1.28 





0.184 

14 

1.15 





0.192 

10 

1.00 





0.208 

5 

0.70 

- 0.053 

0.245 


30 

0.168 

32 

1.50 





0.181 

19 

1.28 





0.183 

18 

1.25 





0.189 

14 

1.15 

- 0.058 

0.255 


40 

0.312 

14 

1.15 





0.318 

12 

1.08 





0.324 

10 

1.00 





0.360 

3 

0.40 

- 0.07 

0.395 

60.3 

5 

0.190 

32 

1.50 





0.199 

20 

1.80 





0.204 

14 

1.15 





0.219 

1 7 

0.84 

- 0.040 

0.250 


10 

0.180 

23 

1.36 





0.186 

14 

1.15 





0.189 

12 

1.08 





0.197 

7 

0.84 

- 0.033 

0.225 


20 

0.206 

20 

1.30 





0.211 

16 

1.20 





0.216 

12 

1.08 





0.240 

3 

0.48 

- 0.041 

0.260 


30 

0.245 

30 

1.48 





0.252 

18 

1.25 






11 

1.04 





0.266 

8 

0.90 

- 0.038 

0.300 


40 


29 

1.45 






20 

1.30 



' 


0.310 

12 

1.08 





0.324 

3 

0.48 

- 0.023 

0.335 
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TABLE 3 — Continued 


BOt 

CONCENTRATIOK 
OF KsSOi 

tc 

LOO te 

fff 

b 

P 

Concentration 


per cent 

millimoles /liter 

min. 




114 

5 

0.190 

38 

1.58 





0.208 

16 

1.20 





0.214 

12 

1.08 





0.219 

10 

1.00 

-0.045 

0.262 


10 

0.173 

17 

1.23 





0,180 

13 

1.11 





0.189 

8 

0.90 





0.198 

5 

0.70 

-0.048 

0.232 


20 

0.168 

17 

1.23 





0.175 

12 

1.08 





0.185 

7 

0.84 





0.192 

5 

0.70 

-0.047 

0.225 


30 

0.210 

25 

1.40 





0.224 

12 

1.08 





0.238 

5 

0.70 

1 

-0.040 

0.267 

201 

5 

0.190 

23 

1.36 1 





0.192 

21 

1.32 





0.199 

12 

1.08 





0.219 

7 

0.84 

-0.036 

0.237 


10 

0.180 

19 

1.28 





0.185 

15 

1.18 





0.193 

9 

0.95 

-0.034 

0.225 


20 

0.168 

25 

1.40 





0,175 

15 

1.18 





0.180 

10 

1.00 





0.185 

7 

0.84 

-0.028 

0.208 


40 

0.180 

30 

1.48 





0.182 

21 

1.32 





0.186 

18 

1.25 





0.192 

12 

. 1.08 

-0.035 

0.230 

300 

5 

0.146 

28 

1.45 





0.150 

21 

1.32 





0.152 

17 

1.23 

-0.041 

0.205 


10 

0.144 

31 

1.49 





0.148 

22 

1.34 





0.151 

18 

1.25 





0.153 

16 

1.20 

-0.041 

0.202 


TABLE B-^onUnutd 


SOI. 

> 

COKCEKTEATtON 

OEKtS04 


LOO to 

m 

b 

p 

Concentration 

- 

per cent 

mitHmelee /liter 

nU^^. 





20 

0.120 

25 

1.40 





0.128 

16 

1.20 





0.131 

13 

1.11 





0.136 

11 

1.04 

-0.043 

0.180 


30 

0.140 

38 

1.58 

. 




0.147 

25 

1.40 





0.153 

16 

1.20 

-0.041 

0.205 


40 

0.144 

30 

1.48 





0.149 

20 

1.30 





0.153 

17 

1.23 





0.157 

12 

1.08 

-0.041 

0.205 


TABLE 4 

Coagulation values of potassium ferricyanide as a function of the purity and concentration 

of sol A 6 


SOL 

CONCENTKATION 
OP K«Fc(CN}« 

it 

LOG tc 

m 

b 

P 

Concentration 


per cent 

millimales /liter 

mm. 




26.9 

5 

0.0219 

25 

1.40 





0.0225 

19 

1.28 





0.0228 

15 

1.18 

-0.0034 

0.0268 


10 

0.0387 

30 

1.48 1 





0.0396 

15 

1.18 





0.0405 

10 

1.00 

-0.0043 

0.0448 


15 

0.0555 

16 

1.20 





0.0560 

12 

1.08 





0.0565 

9 

0.95 

-0.0040 

0.0603 


20 

0.0662 

10 

1.00 





0.0669 

6 

0.78 





0.0677 

4.5 

0.65 

-0.0042 

0.0704 

52.2 

5 

0.0214 

20 

1.30 





0.0220 

14 

1.15 





0.0228 

8 

0.90 

-0.0033 

0.0258 


10 

0.0335 

28 

1.45 





0.0342 

15 

1.18 





0.0349 

10 

1.00 

-0.0031 

0.0380 


15 

0.0454 

36 

1.56 





0.0460 

14 

1.15 





0.0464 

10 

1.00 

-0.0035 

0.0500 


20 

0.0595 

35 

1.54 





0.0608 

16 

1.20 





0.0614 

11 

1.04 

-0.0038 

0.0653 
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Data for the coagulation of sol At at several purities by potassium sulfate 
are given in table 3. The slopes of exponential functions determined for various 
concentrations of a given purity of sol show that the lines tend to be parallel. 
This indicates that the order of coagulation values for both slow and rapid coagu- 
lation will be the same. The coagulation values, represented by b, were found 
to decrease slightly and then increase as the concentration of the sol increased. 
This slight minimum occurred at 10 or 20 per cent concentration of the sol. 
That is, the order of the intercept values indicated that potassium sulfate had a 
tendency to act like an electrolyte with a univalent dominating ion when coagu- 
lating low concentrations of the sol; at higher concentrations the electrolyte 
had a tendency to behave as though the dominating ion were trivalent. These 
tendencies were shown throughout the complete range of sol purities used and 
were at a minimum with highly purified sols. In conformity with the Burton- 
Bishop rule, the coagulation values of potassium sulfate show an intermediate 
position between the monovalent and trivalent ions. 

(c) Potassium ferricyantde as the electrolyte 

Investigation of potassium ferricyanide as the added electrolyte was ham- 
pered by two factors: inability to use high concentrations of the colloid due to 
the quick change from rapid to slow coagulation, and the gelation caused by 
agglomeration of the sol. Both of these changes have been discussed in previous 
sections of this paper. However, sufficient data were obtained, and are listed 
in table 4, to show that the exponential function of critical time against the 
concentration of the electrolyte gives a series of parallel lines from different 
concentrations of the same sample of sol. As with potassium sulfate, this indi- 
cates that the coagulation values of potassium ferricyanide will be in the same 
order for different sol concentrations in both rapid and slow coagulation. The 
data also show that the coagulation values of the electrolyte vary directly with 
the concentration of the colloid, a result which is in agreement with the Burton- 
Bishop rule. 


SUMMARY 

It has been found that critical times may be used in determining the relation- 
ship of the sol concentration to the coagulation values of an electrolyte. The 
order of the intercepts of the straight lines obtained by plotting the concentration 
of electrolyte against the logarithm of critical time indicates the order of the rapid 
coagulation values. If the straight lines are approximately parallel, the order of 
coagulation values in both rapid and slow coagulation are the same. However, 
if the lines intersect, the coagulation values in slow coagulation may be, but are 
not necessarily, in the inverse order to those of rapid coagulation. If the domi- 
nating ion is univalent, the order of the rapid coagulation values is in accord with 
the Burton-Bishop rule with all puritiesof the hydrous ferric oxide sol except be- 
tween approximately 50 and 150. However, the order of slow coagulation 
values for univalent electrolytes agrees with the Burton-Bishop relation only if 
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tiie purity is 250 or hif^er. K the dominalang ion is divsient, the behttvior d 
tiie eleciaolyte is intermediate between the monoval^t and trivalmt icms, in 
accord with the Burton-Bishqp rule. Although, for reasoms previoudy noted, 
oosopl^ investigation could not be made of coagulation with a dominating 
trivalent ion, tiie data show that rapid ooagulati(m values vwy directly with 
the B(d oonoentrati(Hi, as has been expressed in the Burton-Biducp relati<m. 

Further investigation is being made of the frond toward a minimum coagula- 
tion value found when potassium sulfate was the added elecfatdjrte. Ihe cause 
of the scrambling of the coagulation values in some sols when the dominating ipn 
was univalent is being investigated. 
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INTBODtJCJTION 

The liquid crystal phase, which is found to exist for certain rod-shaped or 
fiat molecules surrounded by active groups, is characterized by fluidity and opti- 
cal anisotropy. Orientation of liquid crystals of the nematic type can be in- 
fluenced by contact with oriented surfaces (3), e.g., those oriented by shearing 
stresses (1). 

It is the purpose of this paper to describe a method for the preparation of 
orimited films from certain dyes or dye-like substances which show the behavior 
of liquid crystals of the nematic type. 

BXPEBIHENTAL 

A concentrated solution of the pure substance, usually a dye, in a polar liquid 
such as methanol or water is allowed to evaporate at a carefully controlled rate 
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OR a surface, such as that of glass, metal, or thermoplastic, previously rubbed well 
in one direction. By observation with polarized light dichroism can be seen be- 
fore the film is dry. The resulting film is optically anisotropic, gives no cry- 

TABLE 1 

Compounds used in making oriented films 


DYE 

CLASS 

COLOl INDEX NO. 

Naphthol yellow S 

Nitro 

10 

Amaranth 

Monoazo 

184 

Diamond black F 

Disazo 

299 

Tartrazine 

Pyrazonone 

640 

Xylene cyanol FF 

Triphenylmethane 

716 

Pinacyanol . . 

Quinoline 

808 

Methylene violet 

Azine 

842 

New methylene blue 

Oxazine 

911 

Methylene blue 

Thiazine .. 

922 

Alizarin red 8 . 

Anthraquinone 

1034 

Zapon fast blue HL* . 

Sodium amaranth-3. 4, 6'-trisulfonatet 

Sodium amaranlh-4,6'-di8ulfonatet . . 
Sodium amaranth-5, 3', 6'-trisulfonatet 
Sodium amaranth-5 , 0'-disuIfonatef 

Sodium amaranth -6, T'-disulfonatef 

Metal organic 
Monoazo 

Monoazo 

Monoazo 

Monoazo 

Monoazo 



• Presumably a product of the reaction of laurylamine with a highly sulfonated copper 
phthalocyanine ; molecular weight, about 1000. 

t All of these compounds were crystallized from water. The numbering system is as 
follows : 



It is interesting that the sodium amaranth•'6^ S'-disulfonate and the 5,6',8'-tri8ulfonate 
did not show the formation of liquid cr 3 r 8 tal 8 or oriented films, presumably because the 
sulfonate group in the S'-position prevents the two rings from being coplanar. The 
naphtholsulfonic acid series provides another series of this kind. Still another series may 
be obtained by substituting an amine aldehyde link in place of the azo link. 

stalline x-ray diffraction pattern when examined by the Laue technique, and pre- 
sumably consists of oriented molecules. Several precautions must be observed 
for successful preparation of these films: a low rate of drying results in crystalline 
fmmiation; a high rate destroys the orientation of the film as a whole. Success 
sometimes depends on the choice of the correct polar solvent,' although methanol 
generally works best for the basic dyes and water for the acid dyes. 

* For example, the dyestuff Color Index No. 169, which is water-soluble, shows orien- 
tation in the liquid crystal phase, but C. I. No. 69, which has the same structure except 
for the substitution of a methyl for a sulfonate group, is water-insoluble and does not form 
liquid crystals from dioxane, in whieh it is soluble. 
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Examples of scoae of the many classes of compounds which have been made into 
oriented films (2) are presented in table 1. 

In additicm, it may be remarked that a mixture of two or more similar dyes 
also i^ows the formation of a single oriented film, e.g., C.I. No. 184 plus C.l. 
No. 182. An investigation of the films by use of polarized light showed that the 
direction of light absorption for the basic dyes, such as methylene blue, was 
perpendicular to that for the azo dyes, such as amaranth. 
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INTRODUCTION 

All the electrons in a molecule are equally accessible to the high-energy par- 
ticles and radiation characteristic of radiation chemistry. Potentially, all of 
them have approximately the same chance of being excited (or ionized) by such 
irradiation. These facts explain observations on the radiolysis of aliphatic 
hydrocarbons (25) and acids (17) which indicate that the relative yields of 
methane and hydrogen in the former and of hydrogen in the latter are almost 
linearly related to the frequency of occurrence of the parent groups in the mole- 
cule (2, 3). 

However, it has also been shown that other features of the product yield in 
these cases are not readily explained on this basis (2, 3). The yields (for fixed 
energy input) of hydrogen, methane, and other gaseous products all decrease 
with increase in molecular weight of the hydrocarbons (3, 25). Sheppard and 
Whitehead (27) have studied a range of fatty acids (cf. Breger (1), Honig and 
Sheppard (18), Sheppard and V. L. Burton (26), Honig (17)). Hydrogen, 
carbon dioxide, carbon monoxide, and methane are produced in approximately 
equal yield in the radiolysis of acetic acid. In the radiolyris of palmitic acid 
only the first two are found among the gaseous products and n-pentadecane is 

* Presented before the Division of Physical and Inorganic Chemistry of the American 
Chemical Society at the 112th Meeting, New York City, September 17, 1947. 

• Work in radiation chemistry at the University of Notre Dame is assisted by the Office 
of Naval Research of the United States Navy Department under Contract N6ori 165 T.O.II. 



RADIATION CHEMISTRY, V 


811 


the principal liquid product. The amount of n-pentadecane found far exceeds 
what would be expected on the mere statistical basis of number of parent 
groupings. » 

An explanation of these phenomena has been given by this author in a pre- 
liminary way (2, 3). However, since the existence of this apparent anomaly 
of the effect of molecular size has once again* been noted as a curious problem 
(1), the whole matter is reexamined in this paper with the result, as it appears 
below, that the explanation lies mainly in the Franck-Rabinowitch effect (11). 

The general mechanism of radiation-chemical reactions was first put in satis- 
factory form by Eyring, Hirschf elder, and Taylor (8, 16). The theory has been 
reviewed in some detail, particularly in regard to the mechanism of radi- 
olysis (2-5). 

In the following sections the essentials of the theory particularly germane to 
this discussion are repeated and developed in greater detail. 

PRIMARY PROCESSES 

Initially, irradiation causes the molecules to become either excited or ionized. 
Presumably, any part of the molecule is equally susceptible to excitation or 
ionization and we may conclude from the existence of the phenomenon of multi- 
ple ionization (13) that multiple excitation also occurs to some extent. The 
excited electrons may be localized at bonds, m|ty be non-bonding, or may even 
be non-localized (e.g., the v electrons in benzene). However, there is no require- 
ment that the excitation should remain at the initial locale and there is a possi- 
bility, which should not be ignored, that the electronic excitation may proceed 
by an internal conversion process from its initial locale to a more favored region. 
Indeed, we see evidences of such a process of movement and of excitation in 
some of the phenomena of photographic sensitization by dyes (23) and in photo- 
synthesis. 

The processes starting with ionization and resultant in decomposition may be 
summarized in the three steps (5) : 


ionization. 


discharge, 


decomposition, 

free radicals (3b) 

• That is, at the Symposium on Radiation Chemistry and Photochemistry, which was 
held at the University of Notre Dame, Notre Dame, Indiana, June 24-27, 1947. 






A 


\ 


\ 


+C + € 

A+ + € — ► A* (excited) 
stable molecules 


A* 




\ 


(la) 


(lb) 

( 2 ) 

(3a) 
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where B and C may represent a variety of free-radical and molecular species, 
and where reactions an^ogous to 2 and 3 may be written for B+ and B*. *A 
full discussion requires also some walysiB of the other fates of excited particles 
(fluorescence, collisional deactivation, and reaction) and of the fates of various 
radicals and any other chemically active species. Needless to say, any electron 
of tibe molecule may be involved m step 1. 

Before proceeding any further, we should examine the possibility that the 
ionization (like the excitation) may shift from its initial, wholly accidental locale 
to some preferred region. As in excitation, we cannot neglect the possibility 
that such a shift may occur. However, we are confronted with the need of ac- 
counting for an unexpectedly high yield of particular products in the case of 
large molecules. If the explanation were a shift of excitation or ionization to a 
special region, we would have to conclude that the shift would be favored by 
increase in molecular size (3). Since there is apparently no a priori reason for 
such a relationship, we should look for some other simple explanation. 

THE EFFECT OF STATE 

It is convenient for a moment to omit details of the processes by which the 
molecule becomes first electronically and then vibrationally excited and to 
consider what can happen when it decomposes. We shall assume that the 
excited molecule is so constituted that sometime in its life a quite large amount 
of vibrational energy appears in one bond. This amount of energy may exceed 
the strength of that bond. In that event rupture will occur at that point within 
one vibration period. For appreciation of subsequent events we must consider 
the state of the substance. 

The higher-molecular-weight substances are all liquid or solid under the condi- 
tions of radiol 5 ^is reported. Consequently, as Franck and Rabinowitch (11) 
pointed out (for photochemical processes), the effect of the cage of surrounding 
molecules on the excited state and on the products must be considered. In 
regard to the latter, it is apparent that the larger the molecules of the cage and 
the larger the radicals primarily produced, the less is the probability that they 
will escape the cage (3, 20). Thus, although hydrogen atoms might escape 
rather readily, larger radicals would be reflected from the cage and recombine 
with some loss of vibrational energy (11) before they have escaped each other’s 
^heres of influence. Production of hydrogen in a reaction does not necessarily 
imply a free-radical process. The theory merely states that production of 
hydrogen in this way (as in the radiolysis of palmitic acid) is not precluded. 
On the other hand, the Franck-Rabinowitch effect does practically preclude 
decomposition by a free-radical mechanism when the radicals are large. 

We continue to omit consideration of how the molecule became vibrationally 
excited and consider instead what happens to its energy. There is always the 
possibility that after any radical recombination act (cage effect) there may still 
be enou^ energy left to permit rupture at some other bond — ^if the energy 
should flow into that bond. As between posable ruptures at C — C and C — 
bonds ample energetic conaderations would suggest that, if any such effect does 
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occur, it would occur almost exclusively at the C — C bonds, which are in general 
weaker than the C — H bonds by about 14 kg.-cal. (27). Apparently, if rupture 
of a C — bond is to occur at all, it is almost an absolute requirement that it 
occur initially in the process in which energy disappears as electronic excitation 
and appears as vibrational excitation of a single bond. Thus, we might expect 
that any rupture which occurs secondarily, so to speak, as a result of the flow 
of vibrational energy and accumulation into a single bond will involve a C — C 
bond. However, unless the free-radical product is sufficiently small, the cage 
effect continues to manifest itself and the net effect is that the amount of vibra- 
tional energy is gradually reduced in collision (about every sec.) with the 
surrounding molecules. Quickly, the energy is reduced to such a point (e.g., 
< 4 e.v.) that decomposition by bond rupture is no longer possible. The 

only available mechanism is by rearrangement to ultimate molecules, which 
may require ^ 2 e.v. or less. The effect of the liquid state in radiolysis is thus 
to prevent free-radical decompositions (except those which give small products 
like atoms or perhaps very small radicals) and to favor decompositions by re- 
arrangement. 

These remarks concerning the mechanism of decomposition are not intended 
to be restricted purely to internal conversion processes. Recently, Noyes has 
shown on the basis of fluorescence studies that in the photolysis of acetone the 
upper state is very long-lived and fluorescence emission occurs to a. repulsive 
state (corresponding to molecular collision) at a point not more than 2 e.v. above 
the zero-point level of the ground state (21). While this mechanism is not the 
only conceivable one, it may not only be a possible mechanism for decomposition 
by rearrangement in radiolysis but may actually be much more common than 
is now appreciated. 

Among a variety of possible rearrangement processes, that one will be favored 
which combines low energy requirement with maximum probability of attain- 
ment of the required configuration. The requirement is one of simplicity of 
execution and limits the number of possible products which may be produced. 
For a decomposition like 

RCOOH RH + CO 2 (1) 

it is not too difficult to manipulate a configuration for the acid which resembles 
a close impact of RH and CO 2 . The fact that the reaction is nearly thermo- 
neutral indicates the probability of low energy requirement. 

Rearrangement of a hydrocarbon or fatty acid to yield molecular hydrogen 
and an unsaturated residue is configurationally simple. However, the activa- 
tion energy for such a process is > 1 e.v. higher than that of reaction 1 and thus, 
in comparison to that reaction, it practically does not occur. 

The conclusion is that the Franck-Rabinowitch cage effect tends to prevent 
free-radical decomposition in the liquid state. This tendency increases with 
molecular size and manifests itself in an actual simplicity of products (and some 
decrease of lability) in radiolysis of very large molecules. 

There is one point that should yet be made. We have considered thus far 
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<»ily the vibrationally exdted molecule A* in step 3, However, the remarks 
Uiat have been made otmceming the effect of state and the effect of molecular 
sise apply wil^ equal force to any metastable i<»i A'*' (cmitaining excess energy) 
whidi mi^t tend to decompose by rupture prior to the disdiarge step 2. 

SBCONDABT PHYSIOAn PBOCBSSBS 

The theory, as so far outlined, does explain the simplicity of the products, as 
shown in the radiolysis of palmitic acid and other compounds.^ It would like- 
wise predict similar effects in thermal reactions in the Uquid state.* For radio- 
lytic data now existent it is unnecessary to develop any more involved theory in 
order to account for all the observed effects. Phenomena, for example, such as 
decrease of yield of hydrogen with increase of rise of hydrocarbon molecule 
(3, 25) can be explained on the basis of the increased importance of competing 
processes, not the least of which is deactivation.' Until more is known of the 
facts, no more complicated explanation is necessary. However, it is worth 
while to explore further the details of the excitation and intern^ conversion 
processes by which electronic energy is converted to vibrational in order to dis- 
cover any possibilities which might act conversely to the cage effect. 

MiiUiple excitation and its effects 

It is a mistake to think of a molecule as being ionized or excited initially. 
Indeed, both processes may occur in one molecule. We have clear evidence 
from the instability of ions such as A+ and B+ (15) that many ionized particles 
are themselves excited. Thus, the particle A* formed by the discharge process 
(step 2) may have two or more positions of electronic excitation as the result of 
the primary process itself. The chances of such double excitation should in- 
crease with the aze of the molecule. In general, the effect is to increase the 
average energy per excited molecule as the molecule increases in size. Thus, 

* V. L. Burton, of the Massachusetts Institute of Technology group, pointed out at the 

September 1947 meeting of the American Chemical Society in New York City that the 
nature of the liquid products from the radiolysis of oleic acid indicates that the decomposi* 
tion proceeds mainly by decarboxylation. ' 

* Of course, simplicity of products in photochemical reactions is generally to be expected. 

* The drop of hydrogen yield suggests the possibility that some of the decomposition ac- 
tually does occur, as already mentioned, by flow of distributed vibrational energy into 
single bonds. The larger the molecule, the more widely is the vibrational energy distrib- 
uted (after Franck-Rabinowitch stabilization). Thus, the time required for flow of suffi- 
cient energy into the C—H bond ^increases with molecular size. In that greater time, more 
deactivating collisions take place and the chance of C— H rupture is correspondingly de- 
creased. Other effects, such as the relative time required for activation of the C— C bond 
may also be significant. However, it is not required that hydrogen be formed by bond 
rupture. Borne may be formed by a rearrangement mechanism. In such a case also, the 
larger the molecule, the more time is necessary for approach to a proper configuration. In 
consequence, the deactivation process is favored and the product yield is decreased with 
increase in molecular sise. 
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we might expect a priori that in this way size might tend to increase the lability 
of a molecule toward radiation. We will see later that because internal con- 
version (of electronic to vibrational energy) is, except when a repulsive level is 
involved, a necessary precedent to rupture, multiple electronic excitation does 
not, in fact, increase the lability of a molecule. 

The Franck-Oondon principle indicates that the ion formed in step 1 has, 
at the instant of its formation, the same configuration as the parent molecule. 
However, since an electron has been removed, expansion to a more stable con- 
figuration occurs (8). The expansion may be more or less localized, depending 
on the nature of the empty orbital. If the empty orbital is spread over the whole 
molecule (as in benzene), the expansion may occur slightly in all bonds of the 
molecule (5). However, the over-all expansion of the molecule in such a case 
might be not greatly different from the total expansion if it had occurred all at 
one bond. In general, although expansion of a molecule may be large,, local dis- 
tortion may be small. 

Expansion of the ion and the existence of an empty localized orbital imply 
a shift of all the other orbitals, much as if the electronic charge of the molecule 
shifts in the direction of excess positive charge. Up to a certain limiting point 
we may expect that the larger the molecule the more will such shifts be dis- 
tributed. Since there is complete removal of an electron, the effect will be 
greater than that resultant from substitution of an atom of grossly unlike charge 
distribution (c.g., Cl for H); we may surmise that electron shifts will occur at 
least five atoms away in any direction. The net result is to distribute the ex- 
citation of the molecule, and the larger the molecule the greater will be the 
distribution of such excitation. Since in the process of stabilization of the ion 
A+ the electron orbitals have shifted, the positions of the atoms concerned rela- 
tive to the configuration of the parent molecule will also have shifted. The 
whole molecule will be distorted, but the larger the molecule, the smaller will be 
any local distortion. 

The distribution of excitation becomes manifest in step 2. The electron 
which discharges the ion A+ produces a molecule quite different in its configura- 
tion from its parent molecule. It is distended and therefore vibrationally 
excited. Also, it is electronically excited, perhaps in more than one orbital. 
The proof that excitation in A’*' is widely distributed lies in the fact of discharge 
itself. It is the actuality of excitation in various modes that permits the exis- 
tence of a molecule containing more than sufficient energy to become ionized. 
Before sufficient available energy flows into an orbital to reverse the process and 
again to give ionization (i.e., by internal conversion) sufficient collisional de- 
activation, or perhaps fluorescence, occurs to preclude such a possibility. 

It is not to be expected that localized distortion resultant after step 1 will be 
very great. Moreover, even if, as a result of such distortion, vibrational energy 
produced in step 2 is, or becomes, sufficient in one bond to cause rupture, the 
possible ensuant processes are limited by the cage effect. However, although 
some of the excitation resident in A* after step 2 may be vibrational, it is likely 
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that most oi it may lie in one or more excited orbitals.’' The more likdy process 
for appearance of considerable vibrational energy in the molecule would then 
be an internal conversion in which one of the excited orbitals would lose its 
energy to give vibrational energy. Theoretically, there is a probability that the 
process may happen to two excited orbitals simultaneously, but the probability 
appears so small that it may be neglected. It is for this reason that posrable 
increase in the number of excited orbitals with increase in the size of thg molecule 
already noted is probably without effect on radiolytic lability. Nevertheless, 
internal conversion of the energy from even one excited orbital to give vibra- 
tional energy might be sufficient to cause rupture if it would all appear in one 
bond. The amount of energy associated with ionization is of the order of 15 
e.v., while the strength of the usual bond is 4-6 e.v. Thus, only a part of the 
available energy (if it were properly concentrated) would be sufficient to cause 
rupture, with the results we have already considered. 

We have surmised from a consideration of the excited molecule A* that the 
electronic excitation may be distributed to some extent in the molecule. If the 
orbital distortion occurrent in stabilization of A+ is sufficiently great, there 
might even be several orbitals excited in step 2. The objection may be voiced 
that the electronic orbitals would return to their original state (i.e., of the original 
ion fomied in step 1) in the discharge process, but this action is impossible. 
The states of the orbitals in the ion correspond to a distorted configuration of 
atoms which do not change their positions during the time required for discharge 
(Franck-Condon principle). Thus, electronic excitation may reside in other 
parts of the molecule as a result of the process of discharge. ,\ctually, we do not 
have to speculate very far on this point. 

It makes little difference whether the energj’^ distributed in the molecule as a 
result of step 2 is electronic or vibrational. The point is that it may be widely 
distributed and that the larger the molecule the less the probability that a sig- 
nificantly large amount of energy (of the order of a bond strength) may be in 
any one excited orbital. In any event, •whatever the effect is, it will not be 
opposite in its action to the cage effect already noted. As a matter of fact, this 
effect of distribution of excitation, and particularly the effect of lowering the 
amount of excitation in any one orbital, would serve to decrease the probability 
of rupture of the stronger bonds. Thus, we see another way in which increase 
of molecular size might serve to decrease both the probability of C — H rupture 
and the yield of hydrogen, already noted for the long-chain hydrocarbons. 

The time required for an internal conversion process may be surmised from 
our knowledge of predissociation in photochemistry (7). It may be as little as 

^ The possibility exists that in the discharge process there results a repulsive or very 
weakly attractive state in which radicals are immediately formed. ' The factors governing 
their subsequent behavior are analogous to those already considered for products from 
molecules which are no longer electronically excited. Electronically excited molecules in 
attractive states produced by recombination of such radicals behave like molecules in simi- 
lar titates produced directly in discharge. Their properties are considered in the ensuing 
paragraphs. 
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10“^^ sec. or even much greater than 10““® sec. In the liquid state the molecule 
is practically constantly in a state of collision. Deactivation will occur with 
greater likelihood than the shift of the vibrational energy to a single locale neces- 
sary for rupture; that likelihood will increase with size of the molecule and with 
distribution of the vibrational energy. Apparently, the most favored circum- 
stance for rupture of a bond is the initial creation of a repulsive or weakly at- 
tractive state or an internal conversion process in which the energy initially 
associated with electronic excitation is converted into vibrational energy at 
one point. 

We have repeated, direct, free-radical evidence from photochemistry (cf, 
the cases of aliphatic acids (0, 14), ketones (9, 10), aldehydes (22), and particu- 
larly propionaldehyde (12, 19)) that a molecule electronically excited in one 
locale may be ruptured preferentially in a closely adjacent locale. For the 
rupture to occnir, an internal conversion of electronic excitation to vibrational 
energy must occur; the phenomenon is known as predissociation (7). The evi- 
dence for propionaldehyde particularly indicates that nearly all the energy 
appears as vibrational energy in the C — C group adjacent to the electronically 
excited carbonyl. Also, the other evidence must not be neglected. The pro- 
duction of hydrogen atoms and the absence of alkyl radicals in the photolysis of 
acetic and propionic acids, and the production of alkyl radicals but no hydrogen 
atoms from aliphatic esters (24), aldehydes, and ketones, all indicate that the 
internal conversion is highly preferential and that the vibrational energj’' suflScient 
for bond rupture appears in a single bond closely adjacent to the locale of the 
initial electronic excitation. 

On such evidence, we may expect that when internal conversion occurs subse- 
quent to electronic excitation (however produced) in radiation chemistry, the 
resultant vibrational energ>" will appear in a single bond close to the site of the 
electronic excitation. If there are two (or more) electronically excited sites in a 
molecule, it is unlikely that both will internally convert to vibrational excitation 
at once. We may address our attention then to the single phenomenon. The 
existence of a second site of electronic excitation is largely without effect on the 
possible chemical processes. 

A possible effect of molecular size on probability of rupture 

What happens after the internal conversion of electronic energy to vibrational 
energy at a single bond would appear then to depend on the amount of energy 
converted. If enough energy is converted, the molecule should rupture. We 
have already seen why it might possibly be that with large molecules the amount 
of energy in any one electronic excitation may be low" even prior to the internal 
conversion. If it is sufficiently low" and if the amount of energy is sufficiently 
well distributed vibrationally, the internal conversion may simply not lead to 
rupture at all. We would expect then the total absence of products resultant 
from rupture. In particular, we might expect that radiolysis of large molecules 
would produce no free atoms or radicals. Such an extreme conclusion seems far- 
fetched and certainly in the present state of these speculations unnecessary. 
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CONCLUSION 

The evident conclusion is that the worst that can happen to an excited mole- 
cule — ^from the point of view of its survival — ^is an internal convendon process 
in which a significantly large amount of vibrational energy appears at one bond. 
Rupture at that point may then occur but the cage effect takes command. • K 
the radicals thus produced are sufficiently large, they recombine while still 
within each other’s spheres of influence. With large molecules the more prob- 
able path of decomposition becomes the slow rearrangement mechanism, * in 
which stable molecules are produced in the primary chemical act. Then, in 
^ite of the cage, the reaction is complete. The precise decomposition which 
does occur will depend on steric mid energetic considerations but evidently, of a 
variety of possible rearrangement processes, one alone may combine simplicity 
and small energetic requirements and thus, being most favored, yield only a 
small number of products. 

SUMSCABT 

In previous papers, it has been shown that the relative amounts of the various 
products of radiolysis are frequently determined by a matter of mere statistics, 
i.e., by the frequency of occurrence of the parent grouping in the original mole- 
cule. There are notable exceptions to this rule (for example, in the preferential 
decarboxylation of high-molecular-weight fatty acids). The explanation lies 
in the fact that most high-molecular-weight substances are liquid or solid. In 
the liquid state increased molecular size has two effects. It increases the size 
of the primary products of the decomposition (as well as of the molecules com- 
posing the cage) and thus favors conditions for primary recombination (Franck- 
Rabinowitch effect). Consequently, free-radical decompositions will be de- 
creased in number relative to ultimate-molecule decompositions. With larger 
molecules the amount of a product of a particular tsqie may exceed by far the 
amount to be expected on the purely statistical basis. The explanation is that 
in large molecules ultimate-molecule decompositions become more and more 
favored and occur preferentially over the lowest energy pass. Another possible 
effect of increased molecular size is to distribute the excitation energy (either 
electronic or vibrational) in a greater number of modes of excitation. Such an 
effect also would increase the probability of deactivation (before rupture or any 
high-activation-energy process) and thus tend to favor decomposition via a low- 
energy pass requiring a minimum of rearrangement. Thus, increased molecular 
size tends to favor one mode of decomposition over a variety of others. 
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BERYLLIUM FLUORIDE IN WATER AND ETHANOL 
SOLUTIONS^ 
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INTRODUCTION 

Early investigations on the preparation and properties of beryllium fluoride 
were carried out by Lebeau (4, 5). He found that basic residues of varying com- 
position resulted on evaporation of aqueous beryllium fluoride solutions, but that 
anhydrous fluoride could be prepared by heating the double ammonium beryl- 

^ This work was part of a program of fluoride research supported by a Research Corpora- 
tion Grant-in-Aid. 

• Present address: Department of Chemistry, University of Rochester, Rochester, New 
York. 



820 


ROBEBT H. LINKELIi AND HEXUUT M. RAENDLEB 


lium fiaoiide. He reported that the fluoride waa very soluble in water, only 
slightly soluble in absolute alcohol, but readily soluble in 90 per cent ethanol. 
It was also reported that cooling an ethanol solution to — 23°C. produced a white 
crystalline mass. A summary of this early work is given in Parsons (7). 

However, little additional work has been reported. Biltz and Rahlfs (1) give 
the density of beryllium fluoride as 1.986 g./cc. at 25“C., and report the formation 
of a monoamine with ammonia below — 78.5°C. Neumann and Richter (6) 
report that molten beryllium fluoride is a very poor conductor of electricity. 
Potentiometric and conductimetric titrations of sCqueous solutions of beryllium 
fluoride and chloride were made by Pritz (9). It was found that the fluoride 
gave curves markedly different from those of other beryllimn salts. There were 
no sharp breaks in these curves, and the equivalence point could not be detected. 
This behavior was explained in terms of decreased solubility of beryllium fluoride 
and the eventual precipitation of a double salt. The nature of this double salt 
was not made clear. 

In connection with a program of research on inorganic fluorides, it seemed 
advisable to check some of the early work on beryllium fluoride and to obtain 
additional data on the nature of the compound and its solutions. 

EQUIPMENT -tND M.A.TERIALR 

Beryllium fluoride was obtained from the Brush Beryllium ('ompany* as lot 
No. 838. The reported analysis for this sample was: BeFj, about 99.9 per cent; 
Al, 0.02-0.06 per cent ; Fe, 0.01-0.03 per cent ; Si , 0.02 per cent. This fluoride was 
in the form of glassy lumps and was ground to a white powder. \ specially con- 
structed “dry-box” was used for handling the fluoride. Air within the box had 
a water content of less than 1 mg. per liter. Beryllium fluoride was not exposed 
to the atmosphere more than absolutely necessary and then only on days when 
the relative humidity was below 35 per cent. 

The ethanol used was twice distilled in glass. The water used for the con- 
ductivity work had a specific conductance of about 1 X 10~* mhos/cc. 

Electrical conductance was measured in a conventional bridge arrangement, 
using the following equipment: Leeds and Northrup 441950 bridge and 4750 
resistance box; General Radio 813 oscillator, 814-A amplifier, and 219-M capac- 
itor box; Frea 8 -t 3 T)e conductance cells with shiny platinum electrodes. 

An oil thermostat at 25.00“C. ± 0.05° was used for the conductance work and 
a similar water thermostat for the solubility work. 

pH measurements were made with a glass electrode and a Leeds and Northrup 
7661-Al assembly. 

Freezing-point depressions were determined in a cell equipped with a Beck- 
mann thermometer, mechanical stirrer, air jacket, and salt-ice bath. 

* Address: 3714 Chester Avenue, Cleveland 14, Ohio. 
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EXPERIMENTAL 
i. Analytical 

The volumetric method for fluoride of Rowley and Churchill (10) was tried. 
The results for aqueous beryllium fluoride solutions were poor in precision and 
gave values much less than the theoretical on samples of the pure fluoride. The 
reason for this peculiar behavior is not known but may be connected with the 
formation of stable beryllium fluoro complexes. 

A rapid method for the determination of beryllium was developed. This 
involved conversion of the fluoride to sulfate and weighing in this form. The 
sulfate has been suggested as a weighing form for beryllium by Taboury (13) 
and Kolthoff and'Sandell (3). Samples of the solutions were weighed into plati- 
num crucibles and slowly evaporated on an air-bath. Solutions containing 
ethanol were evaporated several times, distilled water being added. The evapo- 

TABLE 1 


Time-8olvbiliiy data for BeF?--HaO solutions 


NO. 

TIME 

CONCENTRATION 

EN 

k 



! 

C$ - Ct* 



days 

moUsIhter 


days~^ 

1 

21 

' 9.72 

0.77 

■ 0.037 

2 

38 

13.74 

1.44 

0.038 

3 

66 

16.73 

2.65 

0.040 

4 

82 

17.08 

1 2.97 

0.036 


* c, » saturation concentration; Ct = concentration at time t. 


rations were not carried to dryness, to prevent spattering. An excess of 1:1 
sulfuric acid was added, and the samples taken to dryness. A few drops of water 
were added and the samples taken to dryness and to constant weight at 350®C. 
BeFe == 0.4475 X BeS 04 . The beryllium fluoride used in these experiments 
analyzed as 99.7 per cent, 100.2 per cent, 100.3 per cent. 

Beryllmm fltwride-ethanol-waier systems 

A series of water-ethanol solutions was prepared from conductance water and 
absolute or 95 per cent ethanol. The composition ranged from absolute ethanol 
to water. Beryllium fluoride was added to these solutions, in Pyrex bottles, the 
stoppers sealed, and the bottles rotated in the thermostat at 25°C\ It was found 
that the fluoride was veiy soluble in all the solutions of high water content, but 
that the solution process was extremely slow. Table I gives time-solubility 
data for beryllium fluoride in water and gives values for the application of the 
first-order rate equation. Figure 1 illustrates the data and the extrapolated 
saturation concentration of 18 moles per liter. 

Table 2 gives density data for the water solutions, leading to a ratio of 2.17 
moles of water per mole of beryllium fluoride at a concentration of 18 moles per 
liter. 
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Because ci the extrerndy hi^ sdub^ty of beryllium fluoride m water, nmii.ll 
changes in water content of the ethanol solutions would cause hu'ge solubility 
changes. Work on ethanol-water solubilities was discontinued. The solu- 
bility of beryllium fluoride in absolute ethanol is small, probably les» than 1 g. 
per liter. 



Fig. 1. Solubility of beryllium fluoride in water 


TABLE 2 

Dentity data on BeFj-HjO oolutiona at i5°C, 


CONCEMTIATIOM 

DENSITY 

UOUES HaO/MOLE BeFs 

molesfiiter 

g./ml. 


2.08 

1.070 

25.9 

4.73 

1.165 

10.9 

9.72 

1.298 

4.80 

J3.7 

! 1.406 

3.08 

17.1 

1.545 

2.41 


All of the fluoride-water-ethanol solutions were cooled in a dry-ice bath to as 
low as — 72®C. and subjected to mechanical agitation. A beryllium fluoride-^5 
per cent ethanol solution was reflujfed for several hours and cooled to — 30“C. 
In no case did ciystallization occur. 

3. Hygroscopicity studies 

Beryllium fluoride was stored in platinum crucibles over aciuoous soluticMis with 
partial pressure of water of 7.3 mm., 10.2 mm., 12.2 mm., and 18.2 mm., at 25‘’C. 
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TABLE 3 


Weight gain of beryllium fluoride at 10,2 mm, partial pressure of water 


TntE 

TOTAL MOLES HiO/MOIE BeFt 
(1.1736 g. BeFf) 

TOTAL MOLES HsO/mole BeFs 
(1.2392 g. BeF*) 

days 



7.1 

0.588 

0.612 

12.0 

0.819 

0.852 

24.0 

1.266 

1.309 

32.8 

1.518 

1.567 

40.2 

1.656 

1.689 

48.3 

1.762 

1.778 



Fig. 2. Weight gain of beryllium fluoride at 10.2 mm. water pressure 


TABLE 4 

Summarized hygroscopic data for beryllium fluoride at 


PASTIAL PKESSOItE OF WATEE 

LXMITDIC RATIO OF MOLES H|0/M0LE BeF S 

mm. 


7.32 

0.04 

10.2 

1,94 

12.2 

2.4S 

18.2 

5.15 


The change in weight of these samples was followed as a function of time. At 
73 mm. there was no significant change in weight. Table 3 and figure 2 give 
the data for the gai*^ in weight at 10.2 mm. 
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Data for weight gain, over these solutions are sununarised in table 4. In all 
oases the gain in weifd^t was assumed to be due entirely to water. 


TABLE 5 

Conductance of BeFr-H«0 solutions at tS^C. 


OOMCBNTIATION 

(CX)KCENTftATlON)l/ * 

EQUIVALENT CONDUCTANCE 

tquivJUUr 



1.9876 

1.257 

3.003 

1,1088 

1.035 

3.206 

0.3976 

0.7353 

4.014 

0.2218 

0.6053 

3.970 

0.07950 

0.4300 

1 4.486 

0.04436 

0.3540 

4.645 

0.01590 

0.2515 

5.615 

0.008870 

0.2070 

6.260 

0.006360 

0.1853 

7.215 

0.003548 

0.1527 

8.945 



4. Conductance of beryllium fitumde-water mlutuma 

With the conductance equipment available it was found necessary to deter- 
mine the cell constant as a function of resistance measured. The values of Shed- 
lovsky (11) were used to compute cell constants from a series of potassium chlo- 
ride solutions. Table 6 gives the conductance of aqueous beryllium fluoride 
solttticHis. These values have been corrected for the conductance of the water 
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used. Since hydrolysis was shown to be small, no hydrolysis correction was 
made. No viscosity correction was made. Figure 3 gives a graph of this data. 

5, pH measurements 

Table 6 gives pH data for beryllium fluoride-water solutions at 25°C. 


6. Freezing-point depression 

Table 7 lists the freezing-point depression data for aqueous beryllium fluoride 
solutions. 


TABLE 6 


pH of BePVIlaO solutions 


MOLAR 

CONCENTRATION 

pH 

a[HiO+l 

“mpVx'Oo 

IBeF s] 

[BeF.l X lOO 

9.72 

2.04 

9.12 X 10-» 

0.094 

0.98 

4.73 

2.62 

2.40 X 10-* 

0.050 

1.0 

3.40 

3.02 

9.55 X 10-< 

0.028 

0.91 

2.08 

3.40 

3.98 X 10- 

0.019 

0.96 

1.29 

3.60 

2.51 X 10-' 

0.019 

1.2 

1.26 

3.65 

2.24 X 10“' 

0.018 

1.2 

0.85*1 

4.04 

9.20 X 10-» 

0.011 

. 1.1 

0.756 

4.01 

9.77 X 10-® 

0.013 

1.3 

0.517 

4.30 

5.01 X 10-8 

0.010 

1.4 

0.286 

4.51 

3.01 X 10“® 

0.011 

1.9 

0.135 

4.94 

1.15X10-* 

0.008 

2.5 


TABLE 7 


Freezing-point depressions of BeF2-H20 solutions 


MOLAL CONCENTRATION 

FREEZING-POINT DEPRESSION 

MOLAL FREEZING-POINT DEPRESSION 


^C. 

•c. 

0.995 

1.892 

1.90 

0.554 

1.042 

1.88 

0.268 

0.518 

1.93 

0.198 

0.38J? 

1.93 

0.154 

0.304 

1.97 


DISCUSSION OF RESULTS 

Beryllium has a strong tendency to assume a coordination number of four. 
Soluble beryllium salts usually have four molecules of water of hydration. The 
tendency of the beryllium atom to exist in the covalent state is shown by the 
stability and non-ionic behavior of such compounds as basic beryllium acetate 
and beryllium oxalate (12). 

The experimental data indicate that the limiting solubility of beryllium fluoride 
in water at 25®C. is that corresponding to the ratio of 2 moles of water per mole 
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ol fluoride. This would give the boryllium stable oovaleooy four wi^ the 
fatmation of t^e relativdy stable cotaplex: 


HjO F‘ 

\ / 

Be 

/ \ 

lHsO F 


In solutiois more dilute than this saturation value there would be ioiization, 
with the production of aquoberyllium and aquofluoroberylUum ions. The ex- 
tremely low values for the equivalent conductance and the small molal freezing- 
point depressions indicate weak electrolyte behavior. Although literature 
values for the limiting conductance of fluoride and beryllium ions are not very 
consistent, a value of 144 can be estimated as the limiting conductance of beryl- 
lium fluoride. With this value, the ionization of the fluoride can be estimated, 
for various concentrations, as 2 per cent at 1 molar (in agreement with freezing- 
point estimates) and 6 per cent at 0.002 molar. 

This concept can also explain the low solubility rate of beryllium fluoride in 
water. Experimentally, the solutions near satiuration were clear, viscous, and 
almost jelly-like. It suggests that on dissolving in water a layer of [(HjO)iBeFs] 
forms on the surface of the solid. This concentrated layer diffuses into the solu- 
tion at a slow rate because of its high viscosity. The constant value for the 
first-order rate equation is evidence that a diffusion process is involved. 

Evaporation of beryllium fluoride-water solutions leads to formation of basic 
residues and elimination of hydrogen fluoride. Thomas and Miller (14) explain 
cationic basic beryllium hydrcteols by applying Wemer-Pfeiffer ideas of hydrol- 
ysis. Similarly, beryllium fluoride can be pictured as ionizing to form hydronium 
ions, fluoride ions, and basic aquofluoro complexes. 

The hydrolysis data agree qualitatively with those of Fritz (8) and Bjerrum 
(2) obtained for other beryllium salts. The expression 


o[H»0] 

[BeFs] 


X 100 


is a measure of the extent of hydrolysis if this reaction can be represented as: 
Be-H- -t- 2H*0 = BeOH+ -t- H,0+ 

It is apparent from the data that the hydrolysis of the fluoride is not represented 
by such a simple expression. For the hydrolysis reacticm 

Be++ + iH,0 » iBe^H+++ + 


the expression 


o(HiO+] 

[BeFj] 


X 100 


would be a measure of the hydrolysis. These values agree with the qualitative 
assumption that the hydrolysis increases with decreased concentration ci fluoride. 
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SUMMARY 

Beryllium fluoride is very soluble in water, the limiting solubility at 25®C* 
being BeF2-2H20. The rate of solution is low and follows the first-order rate 
equation, for which k has a value of 0.038 days"”^ This indicates a diffusion 
process. 

Beryllium fluoride acts as a weak electrolyte in aqueous solution. The ioniza- 
tion is about 2 per cent for a 1 molar solution and 6 per cent for a 0.002 molar 
solution. This concept is confirmed by both conductance and freezing-point 
data. 

Aqueous solutions of beryllium fluoride are weakly hydrolyzed, of the order 
of 0.01-1 per cent. No simple hydrolysis expression will explain the observed 
pH values. 

There is no evidence to suggest that a compound is formed between beryllium 
fluoride and ethanol. The solubility of beryllium fluoride in absolute ethanol 
is small but is very sensitive to traces of water present. 
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INTBODtrCTlOM 

Certain oxides of metals are affected by light; for example, when antimony 
oxide is exposed to light of a wave length less than its absorption thrediold it 
darkens, with the production of what is believed to be antimony metal (3). 
Titanium dioxide, on the other hand, has been shown by Goodeve and Kitchener 
(5) to be stable itself to light but to sensitize the bleaching of an organic dye, 
Chlorazol Sky Blue FF, which had been deposited upon it, the ruction having a 
quantum eflBciency of 4 X 10^ when bleaching is brought about by light of a 
wave length in the absorption region of titanium dioxide. When exposed by 
itself, or on the surface of some non-absorbing material such as barium sulfate, 
the dye is stable to light. 

Although Goodeve and Kitchener noted that temperature affected the rate of 
the reaction, neither in the case of the bleaching of the dye, nor in the decompo- 
sition of antimony oxide, has the effect of temperature been carefully studied. 
The work of Hilsch and Pohl on the photolysis of the alkali halides has included 
the effects of temperature on the decomposition of KH and KD in potassium 
bromide (6), and they found that the quantum yield dropped from unity at 
600®C. to almost zero at — lOO^C. 

The sensitivity of the photographic process is known to be considerably de- 
creased at the temperature of liquid air (1), and some observations on some or- 
ganic solids (7, 10) have shown that the photochemical reaction rate is increased 
as the temperature is raised. Apart from these exceptions, little is known of the 
effect of temperature on photochemical reactions of solids. 

This report gives the methods and results of an investigation undertaken to 
determine the effect of temperature upon the darkening of antimony oxide and 
upon the bleaching of a dye deposited upon titanium dioxide. The results are 
put forward without discussion.^ 


MATERIALS 

One sample (H & W) of the antimony oxide used was a commercially 
stock reagent as supplied by Messrs. Hopkins and Williams. It was of.:a ^ht 
brown tinge and its x-ray pattern showed it to be the orthorhombic form of anti- 
mony oxide, valentinite. Another sample (Pr) of valentinite was prepared by 
adding crushed crystals of antimony chloride to boiling aqueous ammonia, filter- 

* Formerly at the Sir William Ramsay and Ralph Forster Laboratories of Chemistry, 
University College, London. 

* This work is described in more detail in the Ph.D. thesis of M. R. Taylor, University 
of London, 1946. 
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ing, washing, and drying. This sample (Pr) was whiter, and much less sensitive 
to light, having a reflee.tion of 97 per cent over the whole visible speetriiin as 
against 79 per cent for the samph' (II W). The absorption and photochemical 
threshold of these two samples were delcTinined and found lo agree' with those 
reported by Cohn and Cloodeve (3). 

The dyed titanium dioxide was jwepared as follows: Pure titanium tetra- 
chloride' was dissolve'd in a large' ve)lume of wale'i* ariel boileel fe)r half an hour, 
whem titanium diejxieie began to })reH‘ipitate' in a se'inicolloidal form. While still 
at 10()”(\ the solutiem was slowh^’ ne'utralize'el with ainmemia to e*ause eoagulalioii. 
This titanium dioxide was washe'd, and the wet pree*i])itat<' was dyed by adding a 



Fkj 1 . The ])i()giess of the phot odeeoinposit ion of a dvc' on titanium dioxitlo Sample 
(\ 1 S7 per cent (h'(‘ hv weight , sample I), 0 per emit dye hv weight ; sampli' K, 0 57 per 
eiit (lye hv weight llr<)k(Mi line, th(‘ quantum elheieney deduced from th(‘ mean (.solid) 
curv(‘ 

c 

solution oi ('hlorazol Sky Blue' dissolved in alcohol, and then an e'xcc'ss of barium 
chloride. The dyed suspension was then washed, filtered, drit'd, ground, and 
sieved. One sam[)le (!']) was digested foi* 24 hr. at 8()^C. prior to being washed 
etc. Th(' dyt'd powders wt're light blue, were s(*nsitive to light, and possessed a 
photoclu'mical threshold and absorption corresponding to that determined by 
fioodeve and Kitchern'i* for pow’dt'rs pix'pared in a similar manner. 

An independent check of the determination of the (luantum ('fficiency of bleach- 
ing was madt' using the previotis procedure (5), but the concentration of the dye 
was varied over a. w ider range. The results of the (luantum efiicieii(*y of bleach- 
ing are shown in figure 1. The (luantum efficiency curve follows the same trend 
as found by (ioodeve and Kitchener, falling off at long exposure's to a constant 
value, although the maximum value obtained was 1 X 10 '^ as against 4 X 10~^ 
obtained by them. 
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DETERMINATION OF THE EFFECT OF TEMPERATURE ON THE 
PHOI’OCHEMICAL REACTION 

The method used for the determination of quantum eflSciencics was not suitable 
for studying the effect of temperature and two new comparative methods were 
devised. These are based on the bleaching or darkening of the surface of a simple 
static layer of the material as distinct from a change in a continuously mixed 
sample. It is not considered that the relation between the extent of the surface 
bleaching or darkening and the amount of photochemical change is a linear or 
even a known one ; indeed, a comparison between the results given later in figure 5 
and those in figure 1 shows that the relation is complex. It is, however, assumed 
that two static samples showing the same change in shade have undergone the 
same amount of chemical change. In other words, it is assumed that the pene- 
tration of photochemical activity is the same in two su(di samples. 



In the first of the two methods the sample to be tested was deposited as a thin 
film of powder by allowing a water suspension to evaporate to dryness on to a 
metal bar 4 in. long and 1 in. wide. One end of the bar Avas cooled, and the other 
end heated, and the temperature was measured at intervals along the bar by 
means of thermocouples. It was found that when the powder was placed on a 
copper bar the bleaching was strongly inhibited by traces of metallic salts. By 
coating the bar with a thin layer of polymerized methyl methacrylate, known to 
be innocuous, this effect was avoided. 

The film was exposed in three longitudinal strips which were given different 
exposures, together with a blank strip; the whole was tben photographed. An 
example is shown in figure 2 for dyed titanium dioxide. The positions of the 
thermocouples are shown by the vertical white lines. Microphotometer tracings 
were made along each strip, and from these it was hoped to obtain quantitative 
comparisons. It was found, however, that although this method was capable of 
indicating immediately if the photochemical reaction rate was affected by tem- 
perature, the accuracy was too poor for quantitative measurements. 

In the second method the powder was exposed in the apparatus as shown in 


PBOrOCBBUICAL BBACnONS IN SOLIDS 


831 


figure 3A. The powder was placed as a smooth film about 0.5 mm. thick on a 
glass disc D, 1 in. in diameter. The whole system was rigidly mounted in posi- 
tion. The tube T ccmtaining the sample was 1^ in. in diameter and 8 in. long. 
It could be sealed at the top by an optically plane quartz plate, and a side arm 
permitted its evacuation. The tube was so mounted that, when swung into 
position, it could be immersed in a cooling mixture, or in a thermostat at the 
desired temperature. A duplicate tube (Ti), in which the position of the sample 
was occupied by a thermopile, could be swung into exactly the same position to 
check the constancy of incident light. The light source was a quartz mercury arc 



Fig. 3. Apparatus for exposure of samples and measurement of reflection 

of the high-pressure type, run in a vertical position and fed from a constant d.c. 
soiu'ce. The light from this was focussed by means of quartz lenses (L) on to a 
quartz 45® prism which reflected the light down the tube and on to the sample. 

The inner waUs of the tube were coated with dead-black paint to avoid re- 
flection. A ceil containing a 1 per cent solution of cupric sulfate (plus a Woods 
glass filter in the case where the titanium dioxide-dye syptem was being bleached) 
was placed at F. In the normal procedure the samples were lowered to the 
bottom of the tube in a fitted holder and allowed to stand for 1 hr. to come to 
equilibrium temperature before exposure was made. All the exposures of anti- 
mony oxide were carried out in vacuum to prevent condensation on the sample 
during long exposures at low temperatures. These conditions should not influ- 
ence the experiment, it having bwn shown (3) that the darkening of antimony 
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oxide is not affected by drying in vacuum for at least 24 hr. With dyed titanium 
dioxide, however; the bleaching is dependent upon the immediate presence of 
moisture and all the e^qposures were made under atmo^heric {nessure. The 
majority of the exposures with dyed titaniiun dioxide were made above 0°C., but 
during a few exposures at — 60°C. little condensation was apparent. 

The arrangement for comparing the amount of bleaching is shown in figure 3B. 
The method is based on measurements of the diffuse refiecting power of the 
sample after exposure. The light source was a tungsten filament Point-O-Lite 
lamp, which was run from batteries and was focussed by a lens (L) to a parallel 
bj^am. A diaphragm allowed a small beam of light to fall on to the sample, which 
was placed at an angle of 45° to the light source. A copper oxide photocell (P) 
was placed close to the sample and at an angle of 45° to it and 90° to the light 
source. The photocell was screened from any direct light from the lamp. The 
samples were moimted by simply gluing the glass disc to a stiff section of card- 
board, and they could be clipped into position without disturbing the rest of the 
apparatus, which was rigidly fixed. The photocell was connected directly to a 
senntive galvanometer and its deflection read directly from a scale. The re- 
flections of the various samples were referred to an absolute standard, — ^namely, 
smoked magnesium oxide, which has been found to have a constant reflecting 
power down to 254 mu. Its absolute reflecting power has been determined (8, 1 1) 
and has been taken as 97 per cent over the range measured in these experiments. 

BBSinVTB 

The effect of temperature on the photochemical darkening of antimony oxide 
and the bleaching of dyed titanium oxide was investigated, using the procedure 
described above. The percentage reflection changes of antimony oxide (H & W) 
for a series bf exposures at temperatures of 50°, 0°, —20°, —60°, and — 78°C. are 
shown graphically in figure 4, as well as a few observations on samples (Pr) at 
50°C. The curve obtained with (Pr) is similar to that of (H & W), but the former 
is much less sensitive. 

The results for the bleaching of the dyed titanium dioxide powder for a series 
of exposures at 50°, 30°, 10°, and 0°C. are shown in figure 5. Some exposures 
were made at — 60°C. and showed no measurable bleaching after some hours. 
The preliminary experiments with the powder spread along a bar had shown 
that there was negligible thermal bleaching up to 50°C. 

In both the bleaching of dyed titanium oxide and the darkening of antimony 
oxide the percentage reflection approaches a constant value at long exposures. 
The reaction rate, B, is taken as the slope of the curves in figures 4 and 5 in the 
units given, and the relation between log R and 1/T is plotted in figure 6. In the 
ease of the dyed titanium dioxide system, the relation between bleaching and 
time was, except for the very long exposure, effectively linear (figure 5), R there- 
fore being a constant for each temperature. With antimony oxide hcnvever, the 
relation was not linear; accordingly, R has been taken as the slope of the darken- 
ing curves at points corresponding to both 60 per cent and 70 per cent reflection, 
giving the other two curves shown in figure 6. It will be seen that all three curves 
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Fig. 4. The effect of exposure at different temperatures on the reflection of antimony 
oxide, referred to whiteness of smoked magnesium oxide. 



Fig. 6. The effect of exposure at different temperatures on the reflection of dyed ti- 
tanium dioxide, referred to whiteness of smoked magnesium oxide. 

are approximately linear, showing that the energy of activation is independent of 
the temperature. In the case of antimony oxide the parallelism of the two curves 
indicates that the energy of activation is independent of the percentage reaction 
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over tbe range meacnired. The mimeiioal v^ues of the mergy <4 aetivaticm as 
cafamlated from the slopes of these curves are 5.5 kg.>cal. per mole for the darken- 
ing of antimony oxide and 8.2 kg.-cal. for the bleaching d dyed titanium dioxide. 
A calculation from the results of Hitech and Pohl, mid of Padoa, give values of 
about 2, and 1-10, kg.-cal. for the energies of activation for the decomposition of 
KH in potasinum bromide and of certain organic reactions, respectively. 

The temperature coefficients for the remstions studied here are higher than the 
coefficient for the photographic process. Results of various workers (1, 2, 9) 
are conostent and give a value of the miergy of activaticm around 0.7 for the 
temperature interval from room temperature to the temperature of liquid air. 





Fio. 6. The effect of temperature on tbe photochemical reaction rate of antimony oxide 
and dyed titanium dioxide. 

The temperature-dependent reaction in this case is conmdered to be the ionic 
conduction, followii^ the quantum absorption and photoconduction processes. 

THE EFFECT OF THE ADDITION OF IHPUBITIBS UPON THE BDEACHINa 
OF DYED TITANIUM DIOXIDB 

During the exposure of dyed titanium dioxide on a metal bar it was noted that 
traces of metallic salts had a very strong inhffiiting effect upon Ihe photochemical 
bleaching. Cohn (4) has pointed out that in most photochemied reactions of 
soUds it is apparently necessary to have moisture present imd that certain other 
agents tend to increase the reaction rate. The neoessi^ of moisture is known 
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for the photochemical reactions of zinc sulfide, silver salts, cadmium iodide, 
cadmium bromide, and antimony oxide, and these reactions are sensitive to the 
presence of impurities. 

Some qualitative experiments were made to investigate this effect as applied 
to dyed titaniiun dioxide. To a water suspension of the powder a small amount 
of the reagent was added and, after being allowed to dry, the sample was exposed 
with a blank and comparisons made. It was found that: 

(а) Bleaching was increased by the presence of mercurous chloride, lead sul- 
fate, antimony chloride, thorixun hydroxide, and barium hydroxide in 
ascending order of effectiveness. 

(б) Bleaching was inhibited by cadmium chloride, copper sulfate, magnesium 
sulfate, aluminum chloride, and zinc sulfate, in ascending order of effec- 
tiveness. 

(c) The addition of potassium hydroxide and sodium hydroxide tended to re- 
move the dye from the surface of the titanium dioxide, and appeared 
usually to increase the bleaching. The addition of sulfuric acid and hydro- 
chloric acid inhibited the reaction slightly. 

(d) In general, acidic materials tend to decrease and basic materials increase 
the bleaching, although the maximum effect was shown by metallic salts 
rather than acids or bases. 

(e) The effectiveness of the impurity in inhibiting or increasing bleaching 
increases as the concentration of the impurity is increased, although it was 
found that a concentration as low as four molecules of copper to one of dye 
was sufficient to keep the powder stable to 15 min. exposure, while a pure 
sample was completely bleached in 2 min. 

(/) The effect of moisture on the bleaching was tested by exposing samples in 
a vacuum, in the presence of w^ater vapor with air excluded, and in the 
presence of air and moisture. The sample exposed in a vacuum did not 
bleach but both of the other samples bleached readily. 

(g) Thermal bleaching, which takes place above 100°C., Avas found to be 
dependent upon the presence of moisture. 

SUMMARY 

It has been shown that the photochemical bleaching of a dye, Chlorazol Sky 
Blue FF, deposited upon the surface of titanium dioxide is greatly increased by an 
increase in temperature, the reaction having an activation energy of about 8.2 
kg.-cal. 

The darkening of antimony oxide when exposed to light is also affected by an 
increase in temperature, the activation energy being about 6.6 kg.-cal. The 
energy of activation for both these systems is independent of the temperature 
over the range measured. 

The bleaching of the dye on titanium dioxide is considerably influenced by the 
presence of small quantities of metallic salts, and neither the photochemical nor 
the thermal bleaching will proceed in the absence of moisture. 
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INTRODUCTION 

Willard Gibbs (10) in 1878 was the first to relate the particle size of a solid to 
its solubility. Ostwald (20) somewhat later derived an expression which was 
improved by Freundlich (8) and which is generally known as the Ostwald- 
Freundlich equation. According to this equation the solubility of a solid is a 
function of its particle size: 


RT I Sr _ 2(r 

M S~rd 


( 1 ) 


where R is the gas constant, T the absolute temperature, S and Sr the solubility 
of large solid particles and of particles having small radii r, and M, <r, and d 
are the molecular wei^t, surface tension, and density of the solid. 

The Ostwald-Freundlich equation does not take into account the possible ionic 


* From a thesis submitted by D. R. May to the Graduate School of the University of 
Minnesota in partial fulfillment of the requirements for the degree of Doctor of Philosophy 
July, 1944. 

*Prei^t address: American Cyanamid Company, Stamford, Connecticut. 
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dissociation of the solid in solution. To correct this, DundOn (6) in 1923 intro- 
duced van’t Hoff’s number i. 



Sr 

8 


2<r 

rd 


(2) 


On the basis of thermodynamics a slightly different expression is derived. 

In a heterogeneous system such as that of a dightly soluble solid suspended in 
water, the region between the solid and liquid phases has a different composition 
from either the solid or the liquid phase. This region, having a small but finite 
tluckness of the order of several molecular diameters, is described as the surface 
ph^. Thus three phases must be considered: the solid phase a, the liquid 
phase /3, and the surface phase s. 

Consider a system made up of a solid substance in equilibrium with its satu- 
rated solution. If the dissolved substance is a strong electrolyte, then the 
dissolution of the solid may be represented by the equation 

• • • = i>|A' -f ViA." + • • • (3) 

where Ai,, A^f, • • • represent the ionizing atoms or radicals of the substance and 
i<i, X 2 • • • represent the number of atoms or radicals involved. At equilibrium 

Sw = 0 (4) 

where is the chemical potential of the t**' constituent. At equilibriiun the 
chemical potentials of a given constituent in the solid, surface, and solution 
phases are all equal. Thus 

M* = ntA + vtfit -!-••• (5) 

where m* is the chemical potential assigned to the surface phase, and /if, ni. . . 
are the chemical potentials of the ionizing atoms or radicals in the solution phase. 

The right-hand side of equation 5 is evaluated from the equation for a con- 
stituent ion in solution 

Ml = MOj + RT In a,- (6) 

where /i< is the chemical potential of the t* constituent ion, is a constant 
depending upon the substance, the temperature, and the pressure, R is the gas 
constant, T is the absolute temperature, and Oi is the activity of the i* con- 
stituent. Substituting equation 6 into equation 5: 

M* = MO + RT In oio* • • • (7) 

Since the activity product, K, is represented by 

K = aI*oJ* 

equation 7 may be writtenjas : 

M'^MS + ZerinA" (8) 

The chemical potential of the surface phase, m*. in terms of surface tension is 
not so readily evaluated. Thermodynamically an expression may be derived 
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tm the chemied potential based upon the surface work funotion. However, 
for the complete evaluation of ju* the treatment must be extended to include the 
^ergy supplied by the chains known to exist in the solid-liquid interface. 

At constant temperature and composition of the surface phase when mly the 
work function is ccmsidered, 

dF*»«rdAf (9) 

where dF* is an infinitesimal change in the free energy assigned to the surface 
phase, <r is the surface tension, and dA* is an infinitesimal change in the surface 
area. The chemical, potential of the surface phase at a given temperature and 
pressure is equtd'to a constant, mo, characteristic of the constituent in the surface 
phase plus the partial derivative of dF* with respect to the number of moles, n, 
keeping the other constituents constant. 


0* = Oo + — (10) 

The term dA*/dn can be evaluated if the substance is considered to be divided into 
spherical particles of radius r. The surface area of a single particle is then: 

A* == 4irr* (11) 


Differentiating with respect to n: 


dn 



( 12 ) 


The volume of the solid substance is equal to the number n of moles of the sub- 
stance times the molar volume. Thus 


M 4 , 


(13) 


where M is the molecular wei^t and d is the density of the substance. Dif- 
ferentiating equation 13 

dr ' M 


dn AnH 


(14) 


and substituting into equation 12 


equation 10 becomes: 


dA*^ 

dn 

M* = #»o 


m 

rd 


rd 


(15) 

(^6.) 


In view of equation 16, equation 8 becomes 

' + ” -M? + ie5rinK (17) 

fa 
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Cimsider two systems which differ in that the panicles have different radii, 
Vi and r*, and corresponding activity products, Ki and Kt. It follows from equa- 
tion 17 that 


flrin~* = 


2(rM /I _ 1 \ 
d \r 2 rj 


(18) 


Equation 18 may be simplified by letting n be the radius of particles of macro 
sisse. Therefore, Ki would be the normal activity product K, Let K 2 and 
be the activity product and radius of a finely divided substance and represented 
by Kr and r. Thus l /n will be very small as compared to l/r 2 and equation 18 
may be written as: 


RT. 

M’ K rd 


(19) 


Equation 19, derived above, does not take into consideration the surface 
energy derived from the electrical charge on the surface of the particles. W. C. 
M. Lewis (17) and Knapp (14) suggested that electrical charges would decrease 
the solubility, and Kiiapp extended the Ostwald-Frcundlich equation to include 
an expression for the electrical charges. His general development can be 
adapted to the derivation above and an expression involving the activity products 
obtained (in place of solubilities as in Knapp derivation). 

According to Helmholtz’s theory there is an electrical “double layer” at the 
solid-liquid interface. The surface of the particle is charged by an excess of 
either positive or negative ions and is surrounded by the oppositely charged ions 
which lie at a fixed distance from the surface. If each particle is regarded as a 
rigid double-layer condenser, its electrical energy, which is also the free energy 
due to the electrical forces, is given by the expression 




fd 


2Dr{r + 6) 


( 20 ) 


where q is the electrical charge on each layer, 6 is the distance between layers^ 
D is the dielectric constant of the medium, and r is the radius of the particle* 
The distance between layers is small compared to the radius r. Thus equation 
20 may be written as: 


F. 




( 21 ) 


If the free energ>^ due to electrical forces as well as the free energy due to the 
surface work function is included in the total free energy, in place of equation 
10, the chemical potential of the surface phase is expressed as: 




“• + "iii + to 


(22) 


Differentiating equation 21 with respect to n: 


Dr® dn 


dn 


( 23 ) 
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In view of equation 14 


dn AitDdr^ 


Ck>mbining equations 8, 15, 22, and 24 

( , 2<rAf ^SM 

7 ^ 4iW 


and 


+ RT In K 


^ u, /i _ 1\ 

M d\ri r,/ 

or, where rt is much smaller than n, 


ivDd \rl t\) 


RT , Kr _2ff _ q^b 
M K rd 4nrDdi* 


(24) 

(25) 

(26) 

(27) 


Equation 27 is essentially the equation developed by Knapp (14). It differs 
from Knapp’s equation only in that the activity products Kt and K are used in 
place of the solubilities Sr and 8. 

On a purely theoretical basis, the solubility would increase exponentially mth 
decreasing particle size on the basis of the Ostwald-Freundlich equation. But 
the Knapp equation predicts that the solubility increase with decreasing particle 
size would be lessened by the electrical charge and that for very small particles 
the solubility would approach zero. 

The relation between particle size and solubility is undoubtedly influenced 
by factors other than the surface work function and the simple electrical picture 
developed above. Recently, Harbury (11) has suggested the substitution of 

in equation 2 as a “catch-all” for all corrections. The theoretical soundness of 
this substitution of a variable <r is questioned, but empirically it has some ad- 
vantages over the original equation. 

A number of measurements of the relative solubilities of large and small 
particles has been made. The method used by investigators for the determina- 
tion of the differences in solubility was generally that of conductimetric measure- 
ments. A pure ciystalline substance ground to a fine powder showed a higher 
conductance than the coarse unground powder. 

Ostwald (20) and Hulett (12) in 1901 were the first to make measurements of 
this kind. According to Hulett’s findings, admittedly semiquantitative, the 
solubility of gypsum (CaS 04 ■2HjO) could be increased 20 per cent and of barium 
sulfate 80 per cent by grinding to particle size diameters of 0.1 micron. Mer- 
curic oxide when ground also exhibited greater solubility. Later, Dundon and 
Mack (6) measured the increase in solubility due to particle size for a number of 
substances. Calculations of the surface tension were made from measurements 
of particle size and solubility, using equation 1. A qualitative correlation was 
found between the calculated surface tension and the hardness. 

Hulett’s and Dundon’s results agreed closely in the case of barium sulfate, but 
not in that of gypsum. A plausible explanation was given by Dundon. In 
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the latter’s experiments precautions were taken to prevent the dehydration of 
gypsum by grinding. The dehydrating effect of grinding had been known and 
was shown by Dundon to reduce the water content from 20.93 per cent (theoreti- 
cal value) to 12 per cent or less, depending upon other conditions. Since it was 
well known (18) that anhydrous calcium sulfate is more soluble than the dihy- 
drate, the presence of partially dehydrated gypsum was probably the reason for 
Hulett’s higher solubility. 

The results of Hulett and Dundon were more critically examined by Balarew 
(1). He also found a higher conductance with fmely ground barium sulfate than 
with a coarse product. The conductance of ground powder, high at first, rapidly 
decreased to values approximating that of a coarse imgroimd powder. The 
same results were observed when a drop of barium chloride solution was added to 
a solution saturated with coarse barium sulfate: the conductance, high immedi- 
ately after adding the barium chloride, decreased rapidly to a value very nearly 
equal to the conductance before the addition. The implication of this observa- 
tion is that grinding might expose impurities in the coarse powder (such as 
barium chloride) which would give rise to a higher conductance. After standing 
a while the barium sulfate would absorb most of the barium chloride. Thus the 
higher (*onduc-tJince of the ground product could be caused by impurities. 

Cohen and Blekkingh (5) have pointed out another effect which interferes in 
the conductimetric method for determining solubilities, — that of conductance 
due to finely divided, suspended material. This was demonstrated by grinding 
salicylic? acid with gold spheres. The conductance of such a salicylic acid solution 
is greater than the conductance of a solution saturated with coarse salicylic 
acid. After proper filtering, however, a conductance corresponding to normal 
solubility was found. As pointed out by Cohen and Blekkingh, this greater 
conductance may be caused by two factors: the conductance of charged particles 
(14) and the conductance of ions in the double layer which, according to Rutgers 
and Overbeek (21), conduct current as if they were free in solution. Using a 
chloride-free, pure barium sulfate prepared by precipitation from concentrated 
sulfuric acid, Cohen and Blekkingh found no evidence of influence of particle size 
upon solubility. Their results are based upon a critical examination of their 
conductimetric measurements and upon polarographic determination of the 
barium-ion concentration. A slightly highej’ conductance resulting when a 
ground powder was used could be practically eliminated by proper filtering. 
Cohen and Blekkingh do not give any particle-size measurements and their 
results are not conclusive for this reason. A paper by Balarew (2) appearing at 
the same time as tliat of Cohen and Blekkingh substantiat-es the conclusion that no 
increase in the solubility of barium sulfate is observed for particles 0.1 micron 
in diameter. 

experimental: effect of specific surface upon the solubility of 
LEAD CHROMATE IN O.l M PERCHLORIC ACID SOLUTION 

As pointed out by Cohen and Blekkingh (5), the difficulty involved in using 
conductimetric measurements to deteimine the eflfec^t of particle size upon the 
solubility of a substance lies in the fact that an increase in the conductance docs 
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not necessarily' represent an increase in tlie solubility. A true determinatian of 
the increase in sblubHity ean be obtained only if the conoentrati<ms, or activities, 
of the icaiB of the substance are measured. 

In the present study lead chromate was used. It has bem estaMitiied 
Kdthoff and E^ertson (15) that lead chromate can be precipitated as a fine 
powder which ages rapidly with a large increase in its specific surface. In the 
present study the concentrations of lead and chromate ions in solution were deter- 
mined by voltametric measurem^ts. Although the concentration of lead chro- 
mate in water is too small to be measured voltametrically, in 0.1 ilf perchloric 
acid the concentration is sufficiently large to be measured in this manner. In 
the experiments to follow, 0.1 JIf perchloric acid was used as solvent and solu- 
bility measurements were made at various stages of aging of lead chromate. 
Specific-tsurface measurements were also made and correlated with the solubil- 
ity data. 


Ancdytiad methods for chromcUe and lead 

Two separate methods were used for the determination of both lead and chro- 
mate in acid solution. Chromate concentration was determined by ampero- 
metric titration with ferrous ammoniu m sulfate, using a rotating microelectrode 
of platinum. The lead concentration was determined by diffusion-current 
measurements with a dropping mercury electrode after the chromate had been 
reduced to the chromic state with hydroxylamine hydrochloride. Chromate 
and lead were also determined together pdarographically, by measuring the 
diffusion currents at potentials of 0 and —0.6 volt. 

The amperometric determination of small concentrations of chromate has been 
described in a previous publication (16). Chromate (in acid solution) can be 
titrated rapidly by amperometric titration with ferrous iron, using the rotating 
platimun-wire microelectrode as the indicator electrode. The potential of the 
indicator electrode is maintained at -f 1.0 volt vs. the saturated csJomd electrode, 
wddch is used as the reference electrode. The method is accurate and is precise 
to within 0.5 per cent at concentrations as small as 1 to 2 X 10~* M chromate. 

Hie half-wave potential of lead in acid solution is at approximately —0.4 
volt vs. a saturated calomel electrode. If chromate is also present in an acid 
lead solution two waves are obtained, chromate at a positive potential and lead 
at —0.4 volt. The currmt-voltage measurements of such a solution are shown 
in figure 1, curve 1. This curve represents the current-voltage measurements 
after the removal of oxygen from a solutirm 1.33 X 10~* M in lead nitrate and 
1.33 X 10~^ M in potassium chromate in 0.1 M perchloric acid. The solution 
was made by mixing equal volumes of 2.66 X 10~^ M lead nitrate and 2.66 X 
10^ M potassium chromate, both in 0.1 Jlf perchloric acid. The chromate wave 
may be eliminated by the addition of hydroxylamine hydrochloride. Curve 
2 in figure 1 represents the current-voltage curve of the same lead chromate 
solution as curve 1 but after the additicm of one drop of 20 per cent hydroxyl- 
anune hydrochloride to 20 ml. of solution. In curves 1 and 2 a wave is observed 
at about —0.8 volt. The probability that this wave represents the reduction 
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of chromic ion to chromous is demonstrated by current-voltage measurements 
using 2 X 10^^ chromium chloride in 0.1 M perchloric acid, which are shown by 
curve 3. This wave does not interfere with the lead diffusion-current measure- 
ments at --0.6 volt. Curve 4 represents current-voltage measurements of 0.1 M 
perchloric acid and of 0.1 il/ perchloric acid containing one drop of hydroxylamine 
hydrochloride per 20 ml. The difference between the diffusion currents of curves 



Fig. 1. Current- voltage measurements with a dropping mercury electrode of lead, chro^ 
mate, and chromic solutions at 25®C, Curve 1 : 1 .33 X 10“’* M potassium chromate and 
1.33 X 10“^ M lead nitrate in 0.1 M perchloric acid. Curve 2: As curve 1, but one drop of 
20 per cent hydroxylamine hydrochloride added. Curve 3: 2 X 10“* M chromic chloride in 
0.1 M perchloric acid. Curve 4: 0.1 M perchloric acid containing 1 drop of 20 per cent 
hydroxylamine hydrochloride. 

2 and 4 at —0.6 volt corresponds to the lead diffusion current. Using measure- 
ments of the current at —0.6 volt an accurate determination of lead in solutions 
of small concentrations was obtained. The accuracy of the lead-concentration 
measurements ^vith known solutions of lead nitrate and potassium chromate in 
0.1 M perchloric acid was 1-2 per cent for lead concentrations of 1 to 2 X 10“^ M. 

The difference between the current at 0 volt of an acid lead chromate solution 
(curve 1) and the residual current at the same potential (curve 4) can be used to 
determine the diffusion current of chromate. The difference between the 
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current at —0.6 volt (curve 1) and the residual current at that potential (curve 
4) can be used to determine the sum of the diffusion currents for chromate and 
lead. By subtracting the diffusion current of chromate from the sum of the 
diffusion currents for chromate and lead a value can be obtained representing the 
lead diffusion current. Using such measurements accuracies of 2 per cent for 
both lead and chromate were obtained with known solutions of 1 to 2 X 
M concentrations of lead and chromate in 0.1 ilf perchloric acid. 

The acid solution of chromate formed a thin film on the mercury by chemical 
interaction of the chromate with mercury. This tended to corrupt the tip of the 
capillary when the dropping electrode was in contact with the solution for several 
minutes. ITie result was a decrease in the drop time. To eliminate this diffi- 
culty the electrode was placed in the solution after the air was removed and 
immediately^ before making diffusion-current measurements. After each set of 
measurements the tip of the capillary was cleaned by dipping in concentrated 
nitric acid and rinsing with distilled w^ater. The formation of chromate film 
gave no measurable depletion in the chromate concentration of the solution even 
with a pool of mercury in the bottom of the cell for a period of an hour. By 
using a saturated calomel reference electrode as an outside electrode instead of a 
mercury pool and inserting the mercury electrode immediately before use, inter- 
ference was eliminated. It should be mentioned at this point that no maximum 
suppressor w'as necessary for diffusion-current measurements of lead chromate 
solutions of low^ concentrations. Except at concentrations higher than those 
used in this work no maximum occurred. In concentrations of 10~® M or greater 
both chromate and lead give maxima. There was no appreciable difference in 
the diffusion currents of the freshly made colloidal solution and the completely 
coagulated solutions of lead chromate at potentials between 0 and —1.6 volts. 
Thus measurements of lead and chromate at potentials of 0 and —0.6 volt should 
be free of inaccuracies due to colloidal material. 

Particle-size measurements 

Methods for the determination of the specific surface of lead chromate have 
been described by Kolthoff and Eggertson (15). Two methods were found satis- 
factory : adsorption of wool violet dye and thorium B exchange. Determinations 
by these methods give specific-surface measurements in terms of amount of 
wool violet adsorbed or lead exchanged in the surface layer. From these values 
it is possible to calculate the actual surface areas per gram of substance and an 
average particle size. 

Particle-size determinations from specific-surface measurements give approxi- 
mate values only. Assuming that all of the particles are spherical in shape and 
of uniform size, an expression relating the surface-area measurements to the 
particle size may be simply derived. Kolthoff and Eggertson (15) found that 1 
mg. of wool violet was adsorbed per 0.54 mg. of lead in the surface layer of pre- 
cipitated lead chromate. It is readily determined that the specific surface area 
in square centimeters per gram is 3040 times the milligrams of wool violet ad- 
sorbed. ‘jThe radius in centimeters is 1.67 divided by the milligrams of lead 
^ * 
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adsorbed per gram of material, assuming the particles to be of uniform size and 
spherical. 


Preparation of lead chromate samples 

Three separate lead chromate samples were prepared. These products, 
described below, will hereafter be referred to as aged, fresh, and fresh acid-pre- 
cipitated samples. 

The aged sample was prepared by Dr. F. T. Eggertson. The method used in 
the preparation (17) is as follows: With mechanical stirring a solution containing 
500 g. of lead nitrate and 1 ml. of glacial acetic acid in 1 .5 liter of distilled water 
was added to 293 g. of potassium chromate dissolved in 1.5 liter of distilled water. 
The temperature of the lead nitrate solution at the time of mixing was 55 °C. and 
that of the chromate solution 6()®C. The suspension was shaken for 2 hr. and 
allowed to stand overnight. Using a large Buchner funnel the lead chromate was 
filtered and washed with Avarm distilled water. Left with 5 liters of distilled 
water in a carboy the lead chromate was aged for two and a half months. During 
this time the water was decanted and fresh distilled water added a total of fifteen 
times. After standing an additional four months with vater the preparation 
was collected on a Buchner funnel, washed with distilled Avater, ethanol, and 
ether, and suction-dried. 

The fresh lead chromate sample aa’es prepared by adding, Avith. mechanical 
stirring at room temperature, 1(X) ml. of 0.5 AT potassium chromate to 10(5 ml. of 
0.5 M lead nitrate. Analytical reagents, recrystallized once from Avater, Avere used 
in preparing the solutions. Immediately after precipitation the suspension Avas 
filtered on a large Buchner funnel and the precipitate AA^ashed Avith five 50-ml. 
portions of distilled Avater. Washing AA'as continued using alcohol and ether. 
The preparation Avas then air-dried for 2 hr. The resulting preparation Avas a 
fine powder. A similar preparation has been described by Kolthoff and ISggert- 
son (15). 

The fresh acid-precipitated sample was prepared exactly as the fresh sample, 
except that the potassium chromate and lead nitrate solutions A\’ere both 0.001 M 
in perchloric acid. The preparation aa^s Avashed and dried exactly as Avas the 
fresh sample. 

EXPERIMENTAL RESULTS 

Solubility of lead chromate in 0.1 M perchloric add solution 

The solubility of lead chromate in 0.1 M perchloric acid solution was deter- 
mined. All three preparations were used: fresh, fresh acid-precipitated, and 
aged. The results, given in tables 1 and 2, shoAv the lead and chromate concen- 
trations and the apparent solubility product of lead chromate in 0.1 M perchloric 
acid solution. The solubility data, also given, are calculated by taking the 
square root of the apparent solubility product. This solubility product cor- 
responds to the product of the lead concentration and the total chromium concen- 
tration in 0.1 ilf perchloric acid. Since most of the chromium in 0.1 M perchloric 
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acid it) present as HCrOj~ and only a small iractkm.as OO 4 — , 

sdubility prodycf’in 0.1 MpertWoric acid is much greaterthan the lane s<dubility 

product. 1 

Sdubility measurements using 0.01, 0 . 1 , and 1 g. (k lead chromate in 100ml. 
ctf 0.1 ilf perchloric acid were made in the following manner: The lead chrcHnate 
and perchloric acid were placed in a 125-ml. ^ass-stoppered bottle and the 
stopper of the bottle fastened firmly with the application of strips of Scotch 
tape. The bottle and contents were placed in a mechanical shaker and shaken 
for 24 hr. at a ttoiperature of 25®C. At the end of that time the bottie was 
removed, the lead chromate allowed to settle,. and the solution filtered through 
a sintered-glass filter of medium porosity. About 20 ml. of the filtered solution 
was placed in a polarographic cell, and the diffusion currents of lead and chro- 


TABLE 1 

Solubility of lead chromate in OJ M perchloric acid after shaking for $4 hr., using 0 . 01 , OJ, 
and 1 g. of lead chromate in 100 ml. of 0.1 M perchloric acid solution at M‘C. 


LEAD CHROICATE 
PIEPABATION 

1 

AMOUNT OF 

PbCrOd 

UOLAM 

CHSOKATE 

CONCENTKATION 

X 10* 

IfOUAK LEAD 
CONCENTRATION 

X 10* 

APPARENT 
SOLUBiLITV 
PRODUCT X 10“ 

MOLAR 

SOLUBILITY 

X 10* 

Aged 

grams 

0.01 

1.26 

1.27 

1.60 

1.26 


0.1 

1.15 

1.47 

1.69 

1.30 


1 

1.09 

1.61 

1.65 

1.28 

Fresh acid-precipitated. 

0.01 

1.28 

1.27 

1.62 

1.27 


0.1 

1.21 

1.41 

1.71 

1.31 


1 

1.13 

1.49 

1.68 

1.29 

Fresh 

0.01 

1.24 

1.29 

1.60 

1.26 


0.1 

0.90 

1.81 

1.64 

1.28 


1 

0.28 

6.09 

1.70 

1.30 


mate were measured by the procedure described previously. The results are 
given in table 1 . The aged, fresh acid-precipitated, and fresh lead chromate prep- 
arations were used in these measurements. 

The effect of repeated digestion and decantation operations upon the concai- 
trations of lead and chromate found in the solution was investigated. The 
following procedure was used: One gram of lead chromate and 100 ml. of 0. 1 Af 
perchloric acid were placed in a 125-ml. gla®-stoppered bottle, the stopper fas- 
tened, and the bottle and contents shaken for 24 hr. at 26°C., as in the experi- 
m«its described above. At the end of that time the bottle was removed and the 
lead chromate allowed to settle by centrifuging. The supernatant liquid was 
decanted, and the lead and chromate cmioentrations determined by tire pro- 
cedure described previously. To the bottle containing the solid lead chromate 
remaining after decantation, 100 ml. of fresh perchloric acid was added. This 
was then shaken for 24 hr., centrifuged, ami the supematmit liquid anal}rzed for 
lead and' chromate as before. Third, fourth, and fifth similar operations of 
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digestion, decantation, and analysis of the supernatant liquid were made. The 
results are given in table 2 for the aged md fresh preparations. 

It is apparent from tables 1 and 2 that the lead chromate preparations contain 
an excess of lead. The aged and fresh acid-precipitated preparations contain only 
a slight excess of lead but the fresh one contains somewhat more. The amount of 
excess lead can be estimated from table 2. From the experimental results it is 
estimated that the fresh preparation contains 1 .4 per cent excess lead and the 
aged preparation contains 0.2 per cent excess. 

The average of all the values in tables 1 and 2 for the solubility of lead chro- 
mate in 0.1 M perchloric acid at 25°C. is 1.27 X moles per liter. The 
maximum deviation from this value is 3 per cent. 

TABLE 2 


Effect of repeated digestion and decantation operations upon the concentrations of lead and 
chromate i using 1 g. of lead chromate per 100 ml, of 0,1 M perchloric acid at 


LEAD CBltOMATE 
PBEPASATION 

ICOLAB CHBOMATE i 
CONCENTBATION 

X 10* 

MOLAK LEAD 
CONCENTEATION 

X 10* 

APPARENT 
SOLUBILITY 
PRODUCT X 10» 

MOLAR SOLUaiUTY 

X 10* 

Aged: 





let 24 hr . i 

1.15 

1.47 

1.69 

1.30 

2nd 24 hr.. 

1.18 

1.39 

1.64 

1.28 

3rd 24 hr 

1,21 

1.37 

1.66 

1.28 

4th 24 hr 

1.26 

1.35 

1.70 

1.30 

5th 24 hr 

1.19 

1.29 

1.53 

1.24 

Fresh : 





let 24 hr . . | 

.27 

6.09 

1.65 

1.28 

2nd 24 hr . . . . . j 

.94 

1.66 

1.56 

1.24 

3rd 24 hr ... j 

1.15 

1.35 i 

1.55 

1.24 

4th 24 hr . . . . | 

1.20 

1.33 

1.60 

1.26 

5th 24 hr • * | 

1.16 

1.31 

1.52 

1.23 


From the known equilibrium constants (19) at 25°C. and the estimated activity 
HCrOr + CrOr “ /vi - 3.2 X 10“^ 

CraOf ~ + H 2 O 2HCrOr K 2 = 2.3 X 10~* 

coefficients it is calculated from our value in 0.1 M perchloric acid that in pure 
water at 25°C, 

K. + ~ 1.6 X 10 

Beck (29) repoi*ted a value of 1.8 X 10"^^ at 18®C. 

A recalculation of his data yields an activity product of 1.5 X 10~^^ at 18®C. 

Changes in the solvbility of the lead chromate preparations with the time of 
digestion in OJ M perchloric add 

The lead and chromate ccmcentrations were determined by using 0.1 g. of 
each of the lead chromate preparations and 100 ml. of 0.1 M perchloric acid after 
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St a k i ng for pmods ran^g from 1 mio. to 24 hr. £2ach determmation was made 
in the following manner: The lead chromate and perchloric acid were placed in a 
125-ml. gla88-stq>pered bottle, and. shaken for a given period of time on a 
meclmical shaker. The bottle was removed and its contents immediately 
filtered, using a sintered-^ass filter. In table 3 the lead and chromate concaitra- 
tions were determined in the filtrate by measuring the diffusion ouimits with a 
dropping mercury electrode. The check determinations were made using the 
amperometric titration technique for chromate and determining the lead after 
the chromate had been reduced by hydroxylamine hydrochloride. The check 
determinations were, on the average, 1.9 per cent higher tfian those in table 3. 
The probable reason for the slightly higher results is the presence of a small 
amount of very finely divided lead chromate in the filtrate. In the amperometric 


TABLE 3 

Change in the eolvbility with time of shaking in 0.1 M perehlorie add at t6°C., using 0.1 g. of 

lead chromate 


LEAD CEftOKATE 
PREPAKATION 

TIME OF 
SHAKING 

MOLAH 

CHKOMATE 

CONCENTStATION 

X 10* 

MOLAK LEAP 
CONCENTRATION 

X 10* 

APPARENT 

SOLUBaXTY 

PRODUCT 

X io» 

HOLAR 

SOLUBILITY 

X 10* 

Aged 

minutes 

1 

1.18 

1.43 

1.69 

1.30 


6 

1.14 

1.43 

1.63 

1.28 


1440 

1.14 

1.45 

1.65 

1.28 

Fresh acid-precipitated.. 

1 

1.21 

1.61 

1.83 

1.35 


6 

1.15 

1.33 

1.53 

1.24 


1440 

i 1.12 

[ 

1.41 

1.58 

1.26 

Fresh 

1 

1.86 

2.38 

4.40 

2.10 


1 5 

1.60 

2.14 

3.42 

1.85 


20 

1.13 

1.76 

1.99 

1.41 

A 

1 1440 

0.90 

1.71 

1.64 

1.24 


titration of chromate and the lead determination the chromate was completely 
reduced. Thus any finely divided susp^ded lead chromate would have dis- 
solved. In the determinations giv^ in table 3 lead and chromate were deter- 
mined together without removal of either constituent. 

The change in the solubility of lead chromate with the time of digestion in 0.1 M 
perchloric acid, using 0.05 and 1 g. of fresh lead chromate instead of 0.1 g., was 
determined. The results are given in table 4. 

The aged lead chromate preparation does not show an appreciable change in 
scdubility during digestion with 0.1 M perchloric acid and the fresh acid^precijn- 
tated lead chromate shows only a slight change. The fresh preparation shows a 
very marked change in solubility with the time of digestion. During the fif&t 
20 min, of digestion the solubility of the fresh lead chromate was considerably 
greater than the normal solubility of 1.27 X 10^ M. The maximum solubility 
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TABLE 4 


Effect of amount of the fresh lead chromate upon the change in eoluhility with time of shaking 

in OJ M perchloric acid at 


AMOUNT or 
XAAD CBEOMATE 

TIME OP 
SHAKING 

MOLAX CRXOMATE 
CONCENTXATION 

X 10* 

MOLAX LEAD 
CONCENTXATION 

X 10* 

APPAXENT 
SOLUBILITY 
' PXODUCT X 10* 

SOLUBILITY 

X 10* 

grams 

minutes 





0.06 

1 

1.86 

2.24 

4.16 



5 

1.84 

2.14 

3.94 

1.98 

! 

20 

1.43 

1.74 

2.49 

1.58 


1440 

1.18 

1.41 

1.66 

1.29 ' 

0.1 

1 

1.85 

2.38 

4.40 

2.10 


5 

1.60 

2.14 

3.42 

1.86 


20 

1.13 

1.76 

1.99 

1.41 


1440 

0.90 

1.71 

1 

1.54 

1.24 

1 

1 

0.94 

5.37 

5.04 

2.24 


5 

0.43 

5.90 

2.54 

1.59 


20 

0.29 

6.06 

1.76 

1.33 


1440 

0.27 

6.09 

1.64 

1.28 



Fig. 2. Change in solubility with time of shaking of freshly precipitated lead chromate 
and 100 ml. of O.l M perchloric acid at 25®C. 
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obtaioed after 1 min. (tf digestion, was from 60 to 76 per c«it h^er than the 
normal sdubility, depending upon the amount of lead chromate used. 

The initial values of the solubility were affected only very sli|^tly by the 
amount of lead chromate used. From the values in table 4, the solubility with 
O.OS g. after 1 min. of shaking with 100 ml. of 0.1 M perchloric acid was 2.04 
X 10^ M, with 0.1 g. it was 2.10 X 10“^ M, and with 1 g. it was 2.24 X 10^ M. 
This result indicates that the high solubility of the fresh preparation was not 
caused by an impurity the lead chromate. If it were caused by an impurity 
an increasing effect should have been found with increasing amounts of lead 
chromate. 

The solubility data given in table 4 are plotted in figure 2. The solubility, • 
which is the square root of the apparent solubility product, is plotted ^lainst the 
time of shaking of the fresh lead chromate with 0.1 M perchloric acid at25®C. 
The rate trf aging is seen to increase with the amount of lead chromate fised. 


TABLE 6 

Rale of precipitaiion of a supersaturated lead chromate solution upon shaking with the aged 

lead chromate preparation at SB^C. 


roa or 8hai:ing 

MOLAR CHSOKATS 
COMCEKTBATXON X KH 

IfOLAS LEAD 
CONCENTEATION X 10* 

APPAXEMT SOLXTBXLXTY 
PXODUCT X 10» 

MOLAR SOLUBILITY 

X 10* 

Before 

1.97 

2.48 


2.21 

20 sec. 

1.10 

1.52 


1.29 

20 sec. 

1.06 

1.48 

1.57 

1.25 

1 min. 

1.07 

! 1.48 

1.58 

1.26 

10 min. 

1.09 

1.50 

i 1.63 

1 

1.28 


Rate of predjyitation of a supersaiuraied lead chromaie solution upon shadcing with 
the aged lead chromaie preparation 

It is se^ from the previous experiments that the solubility of lead chromate 
when the fresh preparation was shaken with 0.1 M perchloric acid decreased from 
the maximum obtained in the first minute to normal solubility in about 20 min., 
using 1 g. of lead chromate. The possibility eadsts that the greater than normal 
solubility observed in the previous experiments mi^t be caused by impurities 
in the lead chromate. It has been shown that the fresh product contains lead 
in excess to chromate. Thus upon shakmg with perchloric acid the impurities 
(basic lead chromate) dissolve, causing the concentrations of lead and chromate in 
' the solution to be greater than corresponds to the normal solubility. Experiments 
were made to determine the rate of precipitation of a supersaturated lead chro- 
mate solution, using the aged lead chromate as solid body. These measurements 
^ould give an indication as to whether or not impurities could contribute appreci- 
ably to the hig^ solubility obtained uinng the fresh preparation. 

The following procedure was used: A volume of 100 ml. of a supersaturated 
solution of lead chromate in 0.1 M perchloric acid and 0.1 g. of the aged preparation 
were ihakei in 125-ml. bottk for a given period of time. The mixture was filtered 
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over a sintered-glass filter, and analyses were made of the filtrate for lead and 
chromate by the method employing measurements of the respective diffusion 
currwts at the same time. The supersaturated solutions were made by mixing 
4 X 10^ M lead nitrate and 5 X 10~* M potassium chromate, both in 0.1 M 
perchloric acid. This solution was stable for 1 hr. or more. 

The results are given in table 5 and show that supersaturation is overcome 
very rapidly. By inspection of the results, it is clearly seen that if the high 
solubility of the/resh preparation were a supersolubilityjliue to impurities, rather 
than the result of a temporary equilibrium between the very small particles and 
solution, then a normal solubility could be attained within a few seconds. These 
results further substantiate the conclusion that the higher solubility of the fresh 
lead chromate is related to the size or structure or both of the fine imperfect 
particles and not to coprecipitated basic lead chromate. 

TABLE 6 


Specific surface and average particle size from wool violet adsorption data on lead 

chromate preparations 



SPECIFIC SURFACE 
IN tflLUGEAMS OF 

SPECIFIC SUEFACE 

CALCULATED 

LEAD CHEOICATE PKEPAEATXOK 

WOOL VIOLET PEE 
OEAM OF LEAD 
CHEOIfATE 

IN CN.* PEE 
CEAM X 

PAETICLE EADIUS 
IN MICBONR 

Aged 

3.5 

1.1 

0.45 

Fresh acid-prccipitated 

6.0 1 

1.8 1 

0.26 

Fresh 

18.3 1 

6.6 i 

0.086 

After 20 min. aging in 0.1 M HCIO4 . 

5.7 

1.7 

0.28 

After 24 hr. aging in 0,1 Af HCIO4 

5.2 

i 

0.30 


Specific-surface measurements 

The specific surface of the three lead chromate preparations used in the 
previous experiments was determined by the wool violet adsorption method. In 
addition, the specific surface of the fresh preparation after given periods of 
digestion in 0.1 M perchloric acid at 25®C. was determined. The procedure 
used was as follows: In a 30-ml. paraffined bottle 0.2 g. of the fresh lead chromate 
preparation and 20 ml. of 0.1 M perchloric acid were shaken for a given period of 
time. The perchloric acid was removed, and the specific surface determined by 
the wool violet adsorption method. The perchloric acid was removed by throe 
separate washings, decanting the supernatant liquid after centrifuging, and 
shaking with a fresh solution. After this treatment the lead chromate and bottle 
c<mtained a small amount of water, the weight of which was determined by 
suitable weighings and was taken into consideration in the measurement of the 
adsorption of the wool violet concentration. The results are given in table 6. 
The specific-surface measurements are given and the specific surface in square 
centimeters per gram, and the particle sizes calculated from the data of Kolthoff 
and E^^ertson (15). 

From the data in table 6 it is seen Uiat the specific surface varied from 1 .1 sq. m. 
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per gram for the aged preparation to 5.6 for the/re«% one. The estimated average 
particle radii varied from 0.45 to 0.086 micron. Upon digestion of the fresh 
po^aration in 0.1 JIf perchloric acid the specific surface decreased in 20 min. 
to about one-thiid of its or^pnal value. It is at that point in tiie dilation that 
the solubility of the^esA preparation approaches the normal value. 

DISCUSSION 

The solubility measurements were performed in such a manner as to eliminate 
factors that have been pointed out as invalidating the work of previous investi- 
gators. The solubility of lead chromate was determined from concentration 
measurements of both chromate and lead. A difference in solubility was found 
between a fresh, finely divided preparation and that of an aged one ccmsisting of 
larger particles. The solubility of the fresh lead chromate was considerably 
higher than normal the first few minutes after shaking with 0.1 ilf perchloric 
acid but decreased rapidly as the particle size increased as a result of aging. 
The greater solubility cannot be accounted for by the fact that the fresh prepara- 
tion was not pure but contained an excess of lead, for the following reasons: 
(1) The apparent solubility product was calculated from the observed concen- 
trations of both lead and chromate. Thus impurities other than lead and chro- 
mate do not affect solubility determinations. (2) If the greater than normal 
solubility were caused by impurities such as lead nitrate or potassium chromate, 
a supersaturated solution would exist. In the experimental part it has been 
shown that supersolubility was so rapidly overcome that the conclusion is justi- 
fied that the greater than normal solubility could not have been caused by im- 
purities. (S) The amount of solubility in excess of normal is affected only very 
little by the amount of solid used. 

The greater solubility of the freshly precipitated lead chromate might be 
interpreted oh a basis entirely different from that of an increase in the surface 
work ftmction. Two interpretations may be considered to explain the greater 
than normal solubility. 

(/) The explanation for the greater than normal solubility might lie in the 
existence of various crystalline modifications of lead chromate. It has been 
riiown by Jager and Germs (13) and by Wagner, Hai^, and Zipfel (22) that lead 
chromate has three crystalline forms : monoclinic, rhombic, and tetragonal. The 
monoclinic form is fotmd in nature and is known as the mineral crocoite. It is 
stable below 707°C. The rhombic form, stable between 707® and 783®C., is 
unstable at lower temperatures, changing to monoclinic. The tetragonal modi- 
fication is stable betwerai 783®C. and the melting point. In attempting to inter- 
pret the solubility results the possible coexistence of two or all three of tiiese 
modifications of lead chromate should be kept in mind. It is possible that the 
freshly precipitated product consists partly of one of the less stable modifica- 
tions, the solubility of which would be greater than that oi the stable monoclinic 
form. If this were the case, the solubility would be high at first, decreasing to 
nrnmal as the solid lead chromate is converted to the monoclinic modification. 
Since the solubility became close to normal within 20 min., the above interpreta- 
rion implies that th^ traasfOTmation of the metastable to the stable form would 
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be extremely rapid. This does not seem very plausible, although this interpreta- 
tion cannot be dismissed without further study. Experiments of a preliminary 
nature made in this laboratory would tend to eliminate this interpretation. 
Dr. I. Shapiro made Debye-Scherrer powder photographs of lead chromate 
samples. Examination failed to show any difference between the photographs 
obtained using a freshly precipitated sample and an aged one. Thus it is tenta- 
tively concluded that the two samples had the same ciystal modification. 

{2) Lattice distortion might explain the greater than normal solubility. 
Fricke and coworkers (9) have investigated this kind of distortion in several 
papers since 1933. The distortion was determined roentgenographically. Dis- 
tortions are ‘^active spots”, either comer atoms or gaps in the surface areas not 
completely occupied. The degree of distortion has been related to the heat con- 
tent of the substance. It is not improbable that the existence of lattice distor- 
tions could give rise to a higher solubility and may have been responsible for the 
high solubility values obtained with the fresh lead chromate of large surface. 
Although a thorough investigation has not been made of the lattice distortion 
of the lead chromate samples, Dr. Shapiro’s Debye-Scherrer powder photographs 
did not show evidence of distortion. 

In view of the above discussion it is concluded that the greater solubility 
product of the fresh lead chromate prepared in the absence of acid is to be at- 
tributed to its very small particle size. 

SUMMARY 

1. The ( Istwald-Freundlich equation (3) has bet^n modified to relate the ac- 
tivity product on the one hand and particle size on the other. The expression of 
Knapp (14) extending the (Istw^ald-Freundlich equation to induce the surface 
electrical charge also was modified (see equations 19 and 27 in this paper). 

2. Solubility determinations on fresh (very small particles) and aged lead 
chromate have been made in 0.1 M perchloric acid. Chromate was determined 
by amperometric titration and lead and chromate also polarographically. The 
fresh lead chromate has a considerably greater solubility (about 70 per cent) 
than the aged product. Aging of the fresh prcxluct in 0.1 M perchloric acid 
occurs very rapidly at 25®C., a normal solubility being found after a 20-min. 
period of contact between the fresh lead chromate and the acid. 

3. The fresh lead chromate used in these studies had a specific surface of 5.6 
sq.m, per gram, corresponding to an average radius of a particle of 0.086 micron. 
Upon aging for 20 min. at 25°C. in 0.1 M perchloric acid the surface decreased 
to 1.7 sq.m, per gram (radius 0.28 micron). 

4. The normal solubility of lead chromate in 0.1 M perchloric acid 'was found 
to be 1.27 X 10*^ M at 26®C. This corresponds to an activity product apb^+ 
X a otor 1-6 X 10“^^ 
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I. INTEODUCrriON 

The gravitational, beaker-type centrifugal, supercentrifugal, and ultracentrif- 
ugal types of sedimentation define a so-called sedimentation spectrum that 
includes practically the entire range of subsieve particle sizes of matter: 

The gravitational sedimentation theory, first evolved by S. Oden (14), is now 
well established for both monodisperse and polydisperse solid-liquid systems, 
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in which particles vary in size from a few microns to 45 microns and greater. 
A large variety of experimental techniques based on Oden’s ciunulative sedi- 
mentation method have been developed and have been adequately described in 
numerous publications. 

The development of ultracentrifugal theory and practice for extremely fine 
colloidal particles is chiefly due to the efforts of T. Svedberg (19, 20, 21) and 
coworkers. Ultracentrifugal sedimentation is uniquely applicable to the de- 
termination of the molecular weights of large molecules and true colloidal par- 
ticles varying from 100 millimicrons down to macroraolecular sizes. An 
extensive literature exists on this subject. 

Supercentrifugal sedimentation borders on the particle-size range of the ultra- 
centrifugal and may be extended to approximately l-micron sizes. Theory 
and experimental technique have been fully developed by E. A. Hauser (6, 7) 
and coworkers. 

The beaker-type centrifuge, available in most laboratories, is readily and con- 
veniently adapted to studies of colloidal polydisperse systems composed of par- 
ticles from 0.1 to 1.0 micron in size. This intermediate portion of the sedimen- 
tation spectrum is not as well defined, theoretically and experimentally, as the 
sedimentation extremes previously considered. 

Beaker-type centrifugal sedimentation theory and practice are now reviewed 
to develop some of the problems that existed at the time when this investigation 
was initiated. 

n. A REVIEW OF BEAKER-TYPE CENTRIFUGAL SEDIMENTATION 

The principal forces acting on a particle in a centrifugal field are the centrif- 
ugal force, the viscous drag due to the motion of the particle relative to the 
fluid, and an accelerative force. Svedberg and Nichols (19) equated the viscous 
drag as given by Stokes’s law' and the centrifugal force. Integration yielded 
the formula 

, Xz di — do 2 2. /t\ 

r. = Tsr " ‘ 

where Xs = the distance of the particle from the center of rotation at a time t, 
Xi = the distance from the center of rotation at zero time, 
di = the density of the particle, 
do = the density of the fluid, 

1 } = the viscosity, 
w — the angular velocity, 
t = the time in the centrifugal field, and 
y = the diameter of the particle. 

In deriving this equation, two accelerating effects were neglected: (f ) Initially 
the particle is at rest and must be accelerated until the viscous and the centrifugal 
forces are equal. Since the centrifugal field intensity varies along the 
particle’s path, the particle must be constantly accelerating in order to approach 
a force equilibriiun. 
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In appendix A, the differential equation that includes the accelerative term 
is solved and, for very small values of the Reynolds number, it is demonstrated 
tha>t this solution can be reduced to equation 1. 

Be£d:er-type centrifugal sedimentation is dependent on the following experi- 
mental conditions and assumptions: 

(1) An ordinary beaker-type laboratory centrifuge is used, such as that 
manufactured by the International Equipment Company (Size 2). 
Angle centrifuges are not amenable to the mathematical analysis to be 
presented. Moderate centrifugal forces are employed with this type of 
equipment. 



Fig. 1. Schematic diagram of a sector cell 


(2) A vibrationless sedimentation is postulated. 

' (3) A sector cell (shown in hgure 1 ) is assumed in the mathematical analysis. 

(4) The weight of sediment deposited after a certain time, /, is measured. 

(5) A polydisperse system is assumed. 

(6) Diffusion effects are negligible and are therefore omitted. 

(7) Equation 1 is assumed to describe the position of the particle along a 
radius with time. 

A weight-distribution function F(y) is shown in figure 2. The per cent by 
weight of a certain particle diameter is plotted against the diameter. The 
fraction in an infinitesimal range of diameters is F{y) dy. It is assumed that 
this curve is continuous, possesses all derivatives, and is zero at y equal to zero 
and infinity. Moreover, it may be assumed that all derivatives are zera at 
zero mid in^ty. 

Figure 1 diows the sector cell generally assumed in the mathematical formula- 
tion of centrifugal sedimentation. From the side view the cell is a sectm a 
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circle, and is designed to minimize collisions of the particles with the sides during 
sedimentation. The distance from the center of rotation to the meniscus of the 
dispersion in the cell is designated S; that to the bottom of the cell, R. 



y 

Fig. 2. The function F(y) 


A particle of diameter z is defined as that particle which will just travel from 
the meniscus to the bottom of the cell during the time of centrifuging. From 
equation 1 

In f = kz^t (2) 

o I817 

where 


k = 


di — do 

18 »j 


Wo 


These particles and all larger particles will settle during the centrifuging, 
whereas only a certain fraction of the particles smaller than z will be deposited. 
The total fraction of the original material sedimented, p, is given by the equation :* 

p = ^ F(y)dy + “ exp(-2A:/<)]F(p) dy (3) 


» e* will be designated as exp{a:) . 



858 


HSNRY G. ROB^N AMD 8. W. MARTIN 


By substituting values from equation 2: 

P * /. + i ln^]F(y)d|/ f4) 

This is the formulation of Brown (2), whose treatment is essentially that of 
Eomwalter and Vendl (16). 

Equation 3 is an integral equation involving a known function, p( 2 ), which is 
determined by experiment, and an unknown function F{y). 

Two methods are employed experimentally to evaluate particle-size distribu- 
tions, F(y) : (1 ) The dispersions are sedimented for various time intervals and 
a curve p versus t is plotted. (S) Sedimentations are carried out at different 
heights and values of p versus R — S are obtained. 

If k is constant in equations 2 and 3, the variables in the equations are z, 
R/S, and t. Since both equations hold simultaneously, and if In F/iS is held 
constant, p may be regarded as a function of z or ( alone; whereas if ( is held 
constant, p is a function of z or R/S alone. 

Solutions to equation 3 are obtained by differentiating with respect to < or S 
according to the rule for differentiation under the integral sign. 

To develop the mathematical basis for the time variation method, Romwalter 
and Vendl (16) differentiated equation 3 with respect to time and published the 
equation : 

^ = jf exp(-2kyH)F(y) Ay (5) 

For the functions within the integral, exp(—2ky‘(), and 2ky’‘, Romwalter and 
Vendl substituted the particular values at the upper limit z with the following, 
result: 

(«> 

From equation 6 they concluded that Oden’s method of tangential intercepts 
could be used to evaluate particle-size distributions from a p versus t curve. 
The method of tangential intercepts that is shown in figure 3 is simply a graphical 
method of evaluating the integral^ of the distribution function (for gravitational 
sedimentation) over the limits 0 to z from a p versus t curve. 

Later, Brown (2) pointed out that the substitution of the values at the upper 
limit for functions inside an integral is an illegitimate mathematical procedure; 
therefore equation 6 must be r^arded as false. He stated that equation 5 is the 
correct expression for the slope of the sediment-time curve, but an exact solution 
for the distribution function appeared difficult, if not impossible, to obtain. 

Brown then developed a mathematical basis for determining the distribute 
function frcrni a curve of sediment versus hei^t of suspension at a cmistant time. 
He differentiated equation 3 with respect to S, and also with respect to both 8 

* This integral may be designated the cumulative distribution function and is denoted 
hyQ(x). 
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and t, to derive three expressions by means of which the particle-size distribution 
function may be calculated. 


® +«-!>>" i* "W <>1' - «« 




F{z) 


2t 

z 


(7) 

( 8 ) 

(9) 



Formula 9 has little utility, since a parametric system of curves is needed to 
evaluate the second derivative of p with respect to S and L Generally, the 
fraction of the material between two diameters is of interest and not the actual 
distribution function itself, i.e., the integral of the distribution function between 
two limits. 

Brown, using suspensions of barium and strontium carbonates in alcohol, 
determined the particle-size distribution by varying the height of the dispersion 
in the sedimentation tubes. Cylindrical tubes were employed and calculations 
were made with equation 7 suitably modified to account for the cylindrical 
shape. He did not feel justified in using equation 8 because the second derivative 
was subject to considerable error, inasmuch as many of the particles could strike 
the sides of the tube. 
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Furthermore, the raxige of variation of the height of the fluid in the sedimenta- 
tion tubes is limited by the following: (/) The construction of the ordinary 
centrifuge usually permits a minimum S of about in. and a maximum R of 
lOf in. (International No. 2). {2) As Brown stated, at high speeds and with 
tu^s filled to a high level the effect of convection currents is rather marked. 

Brown determined a threefold range of particle sizes, i.e., the maximum diam- 
eter was three times the smallest. By running the height variation method at 
different values of w\ it was possible to analyze over a wider range of particle 
sizes. 

Dumanski, Zabotinski, and Ewsejew (4) were apparently the first investigators 
to attempt to use the ordinary centrifuge for accurate particle-size determinations 
of monodisperse silver sols. The amount sedimented was determined by ultra- 
microscopic counts before and after centrifuging. The values calculated agreed 
very poorly with those of the ulti-amicroscopic method. Svedberg (20) ascribed 
this discrepancy to the fact that serious deviations from ideal sedimentation 
w'ere caused, chiefly by convection currents. 

Schlesinger (17) determined the particle size of monodisperse gold sols in an 
ordinary laboratory centrifuge. Filter paper was fitted into the bottom of the 
tube to avoid disturbance of the sediment. The centrifuge wjis not vibrationless, 
and calculations of particle size Avore made with a formula derived on the assump- 
tions that (f) the vibrations kept the main bcxly of solution at a uniform con- 
centration and (^) in a narrow layer adjacent to the bottom of the tube, 
sedimentation took place according to Stokes’s law. 

Schlesinger’s work was not directly applicable to the sedimentation problem 
to be discussed in this paper; however, he suggested that polydisperse systems 
might be analyzed by the variation of the height of the dispersion in the tubes as 
a parameter. 

Marshall (9) separated a clay dispersion into relatively clear-cut fractions by 
placing a thin layer of the dispersion over a column of a cane sugar or urea solu- 
tion. By adjusting the specific gravities and viscosities of these media, and 
making the layer of dispersion thin, fractions within definite size limits were 
obtained. Adjustment of the viscosities and lengths so that the time of travel 
through the upper layer is small compared to that through the lower layer 
minimized the weight of fines, i.e., particles of diameter less than z, that settled 
out. 

Martin (10) applied Romwalter and Vendl’s mathematical analysis to the 
determination of the particle-size distribution of titanium dioxide pigments in 
various vehicles. He used Oden’s method of tangential intercepts to calculate 
particle-size distributions of practical pigm^tary dispersions. In a later paper 
Martin (11) independently checked the particle-size distribution so obtained 
with a microscopically determined distribution, and found good agreement. 
He covered the range 0.3 to 2.0 microns. In appendbc B the mathematical 
basis of Oden’s method of tangential intercepts is derived for gravitational 
sedimentation. In appendix C a similar formula is derived for centrifugal 
sedim^tation, with the difference that there are extra terms whose magnitude 
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depends on In i2/S. AbR/S approaches 1, the extra terms approach 0. There- 
fore, 4he application of Oden^s method of tangential intercepts to centrifugal 
sedimentation may be regarded as an approximate determination of particle-size 
distributions. 

Parkinson (15) assumed that the variation of the centrifugal field was negligible 
and applied Oden’s method as if it were a gravitational sedimentation. Dis- 
persions of carbon black in water were investigated. He stated that a complete 
mathematical solution of the problem (size distribution by centrifugal sedimenta- 
tion by the constant-height method) had not been achieved. However, he 
made no reference to the previous work of Martin and of Romwalter and Vendl. 
Parkinson’s results were subject to the same approximations as Martin’s. 

Jacobsen and Sullivan (8), by employing a very low value of R/S (1.05), were 
able to use Oden’s method with sufficient accuracy to check the results obtained 
by varying the height of suspension. A good agreement was achieved using a 
titanium dioxide paint pigment. The height of the dispersion was 1 cm. Such 
low heights are experimentally inconvenient because of the small amount of 
dispersion available for analysis. 

Norton and Spiel (13) attempted to minimize the variation of the centrifugal 
force field by .constructing a centrifuge with long arms for the determination of 
the particle-size distribution of clays. The amount sedimented was measured 
by specific gravity determinations with a hydrometer in accordance with the 
Casgrande method for gravitational sedimentation. Times of centrifugal 
sedimentation were converted into so-called equivalent times of gravitational 
sedimentation. Equation 4 shows that the variation of the centrifugal field 
for a given particle diameter that has completely settled is a function of R/S. 
Although Norton and Spiel give no accurate measurements, it may be calculated 
from their data that the over-all R/S was 1 .46. If the hydrometer measured the 
gravity near the middle of the column, the effective R/S w^as over 1.20. Conse- 
quently, Norton and Spiel defeated their main purpose by using a high value of 
R/Sy since a value of R/S of 1.20 is readily obtainable in an ordinary beaker- 
type laboratory centrifuge. The departure of centrifugal from gravitational 
sedimentation is a function of R/S, as demonstrated in appendix C. 

Bray (1) determined the particle size of clays by a method recommended by 
Steele and Bradfield (18). According to their procedum, a 5-cc. sample was 
removed 2 cm. from the meniscus of a 25-cc. sample that had been centrifuged. 
The amount of sediment in the aliquot w as determined by evaporation to dryness. 
From such determinations and the radius of the particles just sedimented, a 
particle-size distribution was calculated. Bray’s mathematical procedure ‘was 
not accurate and his results are only roughly approximate. 

Dana (3) employed a method similar to Bray’s. Furthermore, an inclined- 
tube centrifuge, which is not amenable to simple mathematical analysis, was 
used. Gurevich (5) determined the particle-size distribution for a titanium 
dioxide pigment by essentially the same method. Gurevich and Dana’s deter- 
minations are subject to the same criticism as Bray’s. 

Among the investigators who have studied particle-size determinations by 
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means of an ordinary beaker-type centrifuge Brown, Marshall, and Schl«inger 
developed an adequate mathematical basis for treating their data. The studio 
of Mamhall and of Schlesinger were limited to the simplest colloidal systems, i.e., 
essentially monodisperse. Brown solved the integral equations for the vari^le- 
height method for polydisperse systems. The experimental work, however, was 
not carried out in sector cells, which were assumed in the theory. 

As a result of this critique of beaker-type centrifi^ation, the writers attempted 
solutions of int^ral equations (3) for the variable time-constant height method. 
Although only approximate mathematical solutions are at present obtainable, 
the fact remains that the error in the final approximate equations is reducible to 
well within the tolerances inherent in experimental techniques which may bo 
employed to specify the degree of polydispersity of a subsieve solid-liquid s}rstem 
by its corresponding particle-size distribution. 

m. BBAKER-TTPE CENTMFUGATION THEORY FOR THE VARIABLE 
TIME-CONSTANT HEIGHT METHOD 

Hie quantities appearing in equations 3 and 4 that may be regarded as param- 
eters are: 


di “ do 

~I8^ ’S’ 


w, s, and t 


The ratio of the density difference of the solid and medium to the viscosity is 
treated as a single parameter, since the densities and viscosity are all dependent 
on the physical characteristics of the subsieve solid and the dispersion medium. 
In a mathematical sense the ratio R/S is unique. It appears as the coefficient 
of the quadrature to the right in equation 3 and as a logarithm in equation 2. 
Consequently, the use of this parameter involves a different type of solution of 
the int^ral equation than the solution for the other parameters. Since the 
other parameters occur in the exponent only, in equation 4 their mathematical 
treatment is essentially the same. 

From an experimental point of view z, the particle diameter, is a derived 
parameter because it is not directly measured. It is the logical parameter to use 
in plotting experim^tal curves, since it occurs in the limits of integration and 
final results are expressed in terms of it. Furthermore, a curve, p versus z, 
is independent of the other experimental parameters utilized to vary z. Although 
it is customary to vary the time alone in the constant-height method, greater 
fleability of operation is permitted by varying the quantity voh. A set of 
experiments to be described in a later paper will establish a remarkable check on 
the constancy of the fractional weight sedimented at a given value of w\ yet at 
(Merent-'values of w, indicating that this is a permissible method of operation. 

Wide variations of liquid viscosities might be selected, but to vary the ratio of 
the density difference to the viscosity is experimentally subject to difficulties, 
because changes in the degree of dispersion are likely to occur with the different 
media which would have to be chosen. 
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A. First approxirnaAe solution 

Weight data for particle-size distribution are expressed as the weight of the 
material between certain size limits. This corresponds to the integral of the 
function F(j/) over the interval. Solutions of the integral equations will be 
derived in terms of this integral from zero to z, which is designated by the func- 
tion <2(«). 

When equation 4 is differentiated repeatedly, the quadrature term of a given 

( yt J^t\ 

— ) multiplied by a polynomial 

of the form 

(S >” I) + ( 3 0 + • • ■ + I)’] 

where Ci, C*, C„ are constants and n is the order of the derivative. If each 
derivative is multiplied by z" and a certain constant, the derivatives may be 
added to give a quadrature in which the polynomial forms the initial terms in the 

expansion of the function, exp^^ 

Then this polynomial times exp 


according to Maclaurin’s theorem. 
^ In will have values very close to 1. 


This is the principle employed to develop approximate solutions to the integral 
equation. ' By utilizing higher and higher derivatives, terms farther out in the 
series may be included and the error involved in the approximation may be made 
arbitrarily small. 

If the substitutions 


ft* 


= 5 and In ^ = a 


are made, and since 

r F(y) dy = 1 
Jo 

equation 4 with some rearrangement becomes 

(1 - p) =» jf F(y)dy + b ^ ^exp - 1 j F(y) dy (10) 

By differentiating this expression successively and multiplying each derivative 
by z", where n is the order of the derivative, the following expressions are ob- 
tained: 




‘ dz* 

*dV 

dz» 


f(- 


dz 

■* 4fl' 


24op* 


^‘) f<») 

+ 2(6 — l)asF(z) 
^•)exp(-^’)TOd, 


36oV . 80 

..A » 


■f (6 - l)(4o* - 8a)zF{z) + 2(6 


ar 


(11) 


( 12 ) 


(13) 
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and 

^ « (6 - l)(36o - 440* - 8 o *)2* F { t ) + (6 - l)(4a* - 10o)«* ^ 

' QZ* CW 


+ 2(6 — l)o 2 * 


120aj^* SOOoV 

■ a« 


t)ifferentiation of 


& + (■ 

_?f^'+«^exp(-^)F(,)d, (1« 

Qi?) = ^ F(y) dy 


3 riel(ls the following relations: 


dz 


* FOd, 


d"Q_^ , ^ _d^' 

da* dz ’ “ dz» dJ* 


(15) 


If equations 10, 11, and 12 are multiplied by 1, 7/8, and 1/8, respectively, and 
the three resultant equations are added, and if relations 15 are substituted, the 
following equation results: 




(6 — l)oz dQ 
4 dz 


i’ [(' + ^ + f) {-f) - '] '■» 


The ratio y/z is never greater than 1 ; consequently for small values of a the 
product of the pol 3 momial and the e}fponential function will be close to 1, and 
the quadrature approaches zero in value. Therefore, if the quadrature is 
n^ected: 



4 

(6 - 1)0 


Q 




^ ^ 4. ** 

8 dz ■*’8 <kvj 


(17) 


By changing the variables according to the equation 


Inz ^ 


and substituting 

M = . and ^(z) 

(6 — l)o 



equation 16 is transformed into 


d^ 


+ MQ 


MS(z) 


(18) 
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This is a linear differential equation with constant coefficients whose solution 
is well known and is presented in most standard texts on differential equations. 
The complete solution after the substitution of the variable z for ^ is 


Q(z) = + "4 f AfiS(z)z" ’ dz (19) 

Z Z Jo 

Because there are no particles in a small interval close to 0, Q(z) equals 0 
and p is equal to 1 and is constant in this interval. Consequently all the deriva- 
tives of p are 0, and the function of S(z) = 0. Therefore, 


Q(S) = ^ + ^ /‘il/-S(z)z"-'dz 


Since the quadrature and Q(z) are both equal to 0, the arbitrary constant c 
must also equal 0. 

The first approximate solution is, by substitution for S{z ) : 

«< ) = .A i' ^ (' - [*> + F I + f 1^0) 

By integration by parts this solution may be converted to the form : 


(-) = 1 - [ 


M(6 - M) ,Mzdp , M(M - 2){M 

g--P + ^3j + g-- 


fp-."-' 

Jq 


Because second derivatives of experimental curves may be rather inaccurate, 
equation 22 has the advantage that only first derivatives are required. Further- 
more, the quadrature is rather simple and may be easily evaluated by Simpson's 
one-third rule. It is interesting to note that, as the ratio R/S approaches 1, 
the constant M approaches 4, the coefficient of the quadrature becomes 0, that 
of p 1 , and that of the derivative Thus this solution reduces to Oden's method 
of tangential intercepts which, if expressed in terms of 2 , is: 

It will be shown that the error due to the mathematical approximation is not 
serious evten at values of a as high as 0.7022 corresponding to a ratio, R/S, of 
1.420 for sector cells or of 2.016 for cylindrical tubes. 

B. Second approximate solution 


The fourth term in the expansion of exp 




obtainable by changing the 


constants and adding the next higher derivative. If equations 10, 11, 12, and 
13 are multiplied by 1, 19/16, 5/16, and 1/48, respectively, and added, the 
resultant equation is: 


/ , 19z dp , 5:* d*p , z* d’ 

l6 dz 16 dz* 48 d3 


i’[(i +“^‘ 


+ 0 + (ft 




o* . 22a\.d0 ^db-Dajd^Q 
l2 + ^rdJ'*‘“^* di^ 
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By N^^ecting the quadrature and lettlog 

vr \ 1 / u. 1®* _L _i_ ** ^*p\ 

K‘>-‘-{P + jgi + lsJ+sJ) 

equation 24 becomes 

^ + (6 _ 1) ^ -j- Q(*) - V(e) (26) 

24 d2* ^ ^ ^ \12 ^ 48 / de ^ ^ 

This equation is converted to a linear equation with constant coefficients by ihe 
change in variables 

^ » In 2 

becoming, after division by the coefficient of the second derivative, 


0 + ,g + B«(.) = BrW 


(26) 


where 


*= (2o + 10) 

p _ 24 

(6 - l)a 

In operational notation this equation may be rewritten 
(i>* 4-ffD-h B)Q = BV{z) 

where 


(27) 



The constants g and h depend on the ratio R/S alone. The roots of the opera* 
tor may be different and real, equal and real, or conjugate complex. The range 
of possible experimental values of R/S permits all three situations. 

The t 3 T)e of roots depends on the magnitude of the ratio ^/4B. When it 
equals 1, the roots are equal and real; when greater than 1, different and real; 
when less than 1, conjugate complex. Table 1 shows the variation of this ratio 
for different values of the ratio R/S. 

Experimental work with cylindrical tubes should be done at values of R/S 
below 1 .383, because higher levels of liquid are more readily subject to convection 
currents due to vibrations. In the case of sector cells values of R/S below 1.176 
are ejqwrimentally possible; therefore, the solution to equation % for all three 
pairs of roots will be presented. 

The complete solution consists of a reduced solution plus the particular solu- 
tion. The arbitrary constants are evaluated by the initial conditicms that 
Q{6) ss 0, where i is near 0 and all the derivatives of Q are 0 at i. Also the 
functi^ V ( 2 ) is 0 in this region because all the derivatives of p are 0. 
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All the derivativea of tiie particular solutions in each case will equal 0 in the 
range 0 < s < because TCs) is 0 and constant over that range. Therefore only 
the reduced solutions will be considered in the evaluation of the constants. 

The solutions for these three cases are given by Murray (11). In considering 
the three cases the following notation will be used for the roots: 

(o) two real roots, — M and M' 

(b) equal roots, —N 

(c) conjugate complex roots, —a + ifi and —a — ip, where i is the square 
root minus 1 


TABLE 1 


Variation of g*/iB with R/S 


R/S 

(CYllNOUCAL TI7BES) 

R/S 

(SBCTom cells) 

f* 

4B 

1.240 

1.114 

1.016 

1.280 

1.131 

1.011 

1.320 1 

1.149 

1.007 

1.360 1 

1.166 

1.003 

1.383 

1.176 

1.000 

1.400 

1.183 

0.998 

1.440 

1.200 

0.094 


The reduced solutions follow: 

(a) two real roots 

Q(*) = 

(6) equal roots 

Q(z) = + C* In z) 

(c) conjugate complex 

Qiz) = z~“ (Cl cos [/3 In z] + iCt sin [d In z]) 
where Ci and C* in each case are real arbitrary constants. 

The arbitrary constants are evaluated in each case by setting Q and its first 
derivative equal to aero at i, which is finite but close to zero. The three cases 
follow: 

(o) tu o real roots: 

0 = CiS ^ ( 7*6 ^ 

0 = MCiS-**~^ - 

Since the determinant of the coefficients of Ci and Ct is not zero, these two 
equations can be simultaneously true only if Ci and Ct are zero. 

(b) equal roots: 


0 = r^(C, + Ct In «) 

0 - -Nr‘'~^Ci + Ctfr''~\l - N]nS) 
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!!nie qtiBDlity (1 — N log S) will be native and Istge ; tiieae eqdatHiiU) 

ean be satisfied simultaneously only if Ci and C» are both sero. 

(c). conjugate complex roots: 

0 = CtS~“ cos (/S In s) + *0*8"“ sin 0 In z) 

0 == (7x8~"[a cos 031ns) + sin (dins)] — tC*8““{a sin (d In s) — cos 08 In «)] 

At small values of 8 near 0, the functions sin 08 In z) and cos 08 In z) will oscil- 
late rapidly. If a value of 8 is chosen where sin 08 In z), cos (d In z), and a sin 
08 In r) — cos (8 In z) have finite values, the constants Ci and 0* will be 0 for the 
same r^ons given in the previous cases. Because the sin and cos functions os- 
cillate with greater and greater rapidity as 0 is approached, it is possible to choose 
this value of 8. 

The constants of the reduced solutions in each case are zero; therefore, the 
particular solutions alone satisfy the limiting conditions. The particular solution 
in the case of two real but different roots is 

“ M'^-M If*" I* - «■"' I* F(z)z*'"‘dz] (28) 

where M' > M. In order to put the equations in a more convenient form, 
new constants are introduced, i.e., 

M — — n — m 


ilf ' = — n -f tn 

By using these expressions, integrating by parts, and substituting for V{z) 
equation 28 may be expressed in the following form; 

«(») -g[l + (2»-12)p-25 

j- ^ 

+ W- - - «) £ 

This equation is very similar in form to the first approximate solution. When 
the ratio R/S becomes 1, B becomes 24, n 5, M 4, and M' 6; the coefficients of 
fhe quadratures become 0 and the formula reduces to Oden’s method of tangential 
intercepts. 

If the roots are equal, i.e., at R/Siot sector cells equal to 1.176, the particular 
solution is 

Q = 1 j^jf' a''-* In a BV{z) da - In z jf* z^~'BV{z) da j (30) 

Numerical integrations will be somewhat tedious with this equation because 
of the function In a. This equation is applicable only at one particular value of 
the ratio R/S, i.e., 1.383 for cylindrical tubes or 1 .176 for sector i^Us. 
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In the case of conjugate complex roots, the solution must be real to have any 
meaning in the interpretation of the physical system. The solution after con- 
version to a real form is 

Q » l^sin (filnz) V(z)z“^^ cos (0 In z) dz 

sin (13 In (31) 

Equation 31 may be used only when the value of R/.S exceeds 1.176 for sector 
cells or 1 .383 for cylindrical tubes. Because high liquid heights are more sus- 
ceptible to convection currents, which interfere with sedimentation according 
to Stokes’s law, it Js desirable to minimize the ratio R/S. Moreover, at low 
values of R/S effects due to particles striking the walls of the tube will diminish 
in cylindrical tubes, and the sedimentation results will be equivalent to those 
obtained from sector cells. On the other hand, for convenience in analysis a 
certain minimum volume of dispersion is needed. 

From these considerations it may be concluded that in the practical employ- 
ment of the constant height-variable time method, cylindrical tubes should be 
used with a value of the ratio R/S at about 1.20. In this range, the simple 
formula 21 will be more accurate than the experimental curves (shown in error 
analysis later). To obtain a more accurate approximation, formula 29, w^hich 
involves an extra numerical integration, should be used. Formulae 30 and 31 
are very tedious to employ because of the nature of the functions that must be 
computed in the numerical integrations. 



C. Differmtial equation of third approximate solution 


As an item of theoretical interest, the differential equation of a third approxi- 
mate solution will be derived. The solution of the third approximate differential 
equation is much too complicated for practical and rapid application. It may 
be solved rapidly by the methods of operational calculus and the solutions will 
resemble those derived for the second approximation with, however, the addition 
of another quadrature. The case of two conjugate complex and one real root 
will arise. 

If equations 10, 11, 12, 13, and 14 are multiplied by 1, 187/128, 69/128, 13/192, 
and 1/384, respectively, and the five resultant equations added, the sum is 


1 


128 cU ^ 128 d 2 * 192 cU* ^ 384 de*/ 


a» - 1) 

+ ‘1 [( 


147o 15a* 

288 “*■ 96 ■‘’48 


ay 


^ 2 «* ^ 




^ 4 - 

6z 192 cU* 
F{y) Ay (32) 
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By substituting relations 15 and neidedang tbe quadrature, equadcm 82 
becomes 


0*’ d*(2 , .. 

iM& +<‘ 


where 


W{z) 


1 ) 


Vl92 ^ 96 cUV 
+ (6 - 1 ) ( 


147o . 15a’ 


+ 


96 




ds 


W(z) 


-{p 


, lS7z ^ , 69z* d*p , £ 

m cb iM d«» 192 di* 384 


L^y\ 

S4d£V 


This equation may be readily transformed into a linear differential equation 
of the third order with constant coefficients by the change of variables used in the 
previous cases. Inasmuch as the first approximate solution is sufficiently accu- 
rate and the second approximate solutions are probably considerably more 
accurate than available experimental data, the third approximate differential 
equation will not be solved. 


IV. AN ERROR ANALYSIS OF THE FIRST APPROXIMATE FORMULA 

The first approximate formula is the most suitable of the formulas developed 
for practical routine calculations. It is of interest, therefore, to evaluate the 
mathematical accuracy at various values of R/S. An error analysis depends 
on the nature of the distribution function F{z), and consequently tbe error can 
be computed only for specific types of this function. In general, particle-size 
distribution functions are of the same class, i.e., unimodal functions of a gaussian 
type with various degrees of. skewness and kurtosis. For this reason and tbe 
fact that the fimction Q(z) varies only between 0 and 1, the magnitude of the 
error for the specific functions considered should be comparable to that of the 
ordinary distribution functions encountered with practical dispersions of sub- 
sieve materials. 

A simple and yet exact calculation of the approximation is made by utilizing 
two simple algebraic functions which have the property of an easy integration 
in equation 3. 

The first is a straight line: 

F(z) = 0.5000Z 0 < z < 2 (34) 

Since the integral of F(z) over interval must be 1 , the range of z is 0 to 2. Upon 
Bubstituticm for F(y) in equation 3 and integration, a theoretical or hypothetical 
sedimentation curve is derived: 

(I - p) » 0.2500 - 

Tbe fuBUtkm S(z) is 


J*- 


Siz) » 0.7500 - (6 - 1) 


(5 ~ l)]z* 


(35) 
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The function Q(z) is computed by substitution of this value of S(z) into equation 
21 and by subsequent integration. The values of the computed Q, the theoretical 
Q, and that from Oden^s method are listed in table 2 for various values of R/S. 

An examination of the per cent theoretical Q column reveals that, even at the 
highest value of R/S, the Q calculated according to formula 21 is only L4 per 
cent too low, which is good agreement considering the inherent errors in the 
experimental determination of particle-size distribution. At lower values of 
R/S, the error definitely is negligible. The Q(z) calculated according to Oden’s 
method of tangential intercepts shows a considerable departure from the theo- 
retical Q. At the lowest value of R/S, the error is greater than the highest 
error calculated from formula 21. For high values of R/S, i.e., 1.42 (sector 
cells), the use of Oden’s method involves an incremental deviation of about 
12 per cent. 


TABLE 2 

Comparison of results obtained from formula 2i and Oden's method with the theoretical 
Q(z) for the assumed distribution F{z) * O.SOOOz 


R/S 

CALCULATED Q(z) 

oden’sO^s) 

PE* CENT THEORETICAL Q* 

Sector cells 

Cylindrical tubes 

Calculated 

Oden’s 

1.07 

1.146 

0.24992* 

0.24432* 

99.9 

' 97.7 

1.17 1 

1.369 

0,24932* 

0.23692* 

99.7 

94.8 

1.27 

1 .613 

0.24842* 

0,23012* 

99.4 

92.0 

1.42 ! 

1 

2.016 

i 

0.24652* 

0.22102* 

98.6 

88.4 


* The theoretical Q equals 0.2500t*. 


Another distribution function which is readily integrated and yet resembles 
actual particle-size distributions more closely than equation 34 is 

F{z) ^2z- i 0 < z < 1.414 (37) 

Distribution functions 34 and 37 are shown graphically in figure 4. 

By proceeding as in the case of the straight line the following expressions are 
calculated : 

_ p) = [1 - (6 + - ^[(1 + ,) - i, (38) 

8(.) = 3[1 - (I, - I)].' - ?[(1 + l) - 3 _ (39) 

The values of Q calculated from formula 21 are listed in table 3. This table 
reveals the fact that the calculated Q agrees with the theoretical Q to approxi- 
mately the degree that occurred in the case of the straight-line distribution 
function (see table 2). 

Inaatnuch as the two previously considered distribution functions differ in 
magnitude and range from the particle-size distribution in a forthcoming paper 
on the experimental aspects of this subject, the error involved in the application 
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tile first approximate formula to a distributicm whidi closely appKndmates 
m actud particle-size distribution was also calculated. 



Fio. 4. The assumed algebraic distributions 


( TABLE 3 

ComparUon of the reerdte from formula tl with the theoretical Q(«) for the ateumed 
distribution F{z) ^ tz — t* 


Ji/S 

CALCULATED Q 

AmOXIlCATK »B1 CENT 
TBSOUnCAl. 0* 

Sector cells 

Cylindrical tubes 

1.07 

1.146 

0.9996(«* - 0.2499s^) 

100.0 

1.17 

1.369 

0.9973(*» - 0.2499s«) 

99.7 

1.27 

1.613 

0.9936(2^ - 0.24962*) 

99.4 

1.42 

2,016 

0.9859(2* - 0.24912*) 

98.6 


• The theoretical Q equals *• — 0.2SOO«^. 


^ The curve F{z) vs. z for a titanium dioxide pigment was determined by drawing 
tang^ts to the curve Q{z) vs. z, which was calculated from experimental data 
^th R/8 » 1.166 (sector cells). A stepwise distribution was drawn winch had 
{^tcut the same ares in each interval as that of a smooth curve F{z) vs. z. The 
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stepwise curve is the assumed distribution and M'as selected in order to pemdt 
exact integrations in making an error analysis for the conditions specified. The 
smooth and the stepwise distribution curves are shown in figure 5. 

In the derivation of the first approximate solution the quadrature in equation 
15 Hiras discarded as being negligible. The error in Q when this term is included 
will be evaluated for the assumed distribution. If 

m = h j[' - ^1 + 2 ^') exp(- F(y) dy (40) 



OX) ai ae 03 04 o5 

z 


Fig. 5. Comparison of smooth with stepwise distribution 

. s i 

then 

Q'(e) = 4 f * + ^(2)1 dz (41) 

z* Jo 

Since E(z) is always positive, equation 41 indicates that the Q(z) calculated 
according to formula 21 will always be too small because of the approximation. 
If g is the error in Q(z), then 


Q'(z) = Q(z) + g 




874 


fiBKmr B.. BOBUOK AMD s. w. tumost 


Mlwre q is giren by the expression 


« - r f [‘ - (‘ + ^ + ^•) F(y) d, d. («) 

By integrati(m by parts this double integral is converted into two single integrals. 
'Ttliis expression after some simplification is 

-^i‘.'-[l-(l + ^ + “^)«p(-^]^(v)d, (dS) 


2* 


0 = and dy.*-^ 

Z CP 

Upon making these substitutions equation 43 becomes 

5 - 5 r [‘ - 0 + "■ + f) 


By letting 


equation 44 becomes 


N{U) = 1^1 - + ^* + ^)exp(-H*)J 

nm = [^1 - ^1+ exp(-.ff*) j 

les 

= C„ = constant 


over the interval j < ~j < k, equation 46 may be written (for this interval) 


q<k) — qij) sC„ 


mm - Tm ^h- f imm - nm] dn ( 4 ?) 




dver the range sero to a’. 
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In order to calculate the values of the integrals of the functions N(H) and 
r(ff), exp(— H*) is expanded in a series and the terms are integrated term by 
term. Since the series expansion of exp ( — alternates in sign and is uniformly 
convergent, the maximum error involved in discarding terms above a certain 
number is no greater than the first term discarded and has the same sign. In 
these calculations the sixth and all higher terms are neglected. Thus the maxi- 
mum error in the series expansion of expi—H^) is 0.021 per cent for the greatest 
value of a\ which is 0.85. 

After performing these operations and integrating, the following expressions 
are obtained for the integrals of N (H) and T(H) : 


r/* r/is rris 

Jo 


42 


I’ 


Let 


72 • 220 
H* 


+ . 


2040 3600 


M) 8(9 + M) ' 20(11 -I- M) 




+ 




1 


80(13 -1- M) ' 240(15 -|- M)J 


(49) 


r [N(H) - T(H)] dH = G{H) 
Jo 


(50) 


With this notation values of the function G(H) are compiled in table 4 for various 
values of M. 

This function G{H) may be used to calculate the error in any unusual particle- 
size distribution that may occur in practice. 

These calculated values (table 4) were plotted and intermediate values were 
taken from the curve. Values of R/ S and G(H) corresponding to the values of 
M selected are included in table 5. The values of R/S for sector cells are very 
close to those actually used in the experimental work to be presented in a forth- 
coming paper. These particular values were selected because H*" could be 
computed easily from tables. 

The error q was calculated from the assumed distribution function shown in 
figure 5, and the plotted values of G{H) listed in table 5, according to formulas 
47 and 48 for values of z, 0.3, 0.4, and 0.5 microns. The error q is compiled in 
table 6. 

In everyday particle-size distribution analyses, the mathematical errors 
listed in table 6 would hardly be detected. Combined experimental errors will 
exceed by far the above mathematical errors attributable to the approximations 
made in the derivation of equation 21. 


V. SUMMARY 

Beaker-t 3 npe centrifugation of polydisperse colloidal system was first placed 
on a sound theoretical basis by C. Brown. However, his treatment of this 
subject was limited to a cmistant time-variable height method. On considering 
the variable time-constant height approach to beaker-type centrifugation, 
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Brown stated, ‘^an exact solution for the distribution function seems to be ex- 
tremely difficult if not impossible to obtain.’^ 


TABLE 4 

Values of the fwncHon 0(B) 


Mm 

4.70 

Mm 

5.10 

1 

5.70 

B 

G{,B) 

n 

G(J1) 

B 

Gifl) 

0.0000 

0.000000 

0.0000 

0.000000 

0.0000 

0.000000 

0.1000 

0.000000 

0.1000 

0.000000 

0.1000 

0.000000 

0.2000 

0.000000 

0.2000 

0.000000 

0.2000 

0.000000 

0.3000 

0.000005 

0.3000 

0.000005 

0.3000 

0.000005 

0,4000 

0.000031 

0.4000 

0.000034 

0.4000 

0.000035 

0.5000 

0.000105 

0.5000 

0.000141 

0.5000 

0.000157 

0.5604 

0.000135 

0.6000 

0.000378 

0.6000 

0.000501 



0.6500 

0.000502 

0.6500 

0.000805 



0.6839 

0.000552 

0.7000 

0.001211 





0.7500 

0.001679 





0.8000 

0.002107 





0.8380 

0.002213 


M 


4.70 
5.10 

5.70 


TABLE 5 

Values of a*/* and R/S corresponding to M 


R/S 


ai/a 


Sector cells 

0.5604 

1.170 

0.6839 

1.263 

0.8380 

1.420 


Cyliodrical tubes 


1.369 

1.595 

2.016 


TABLE 6 


The error in formula ei for a distribution approximating the experimental distribution 


s 

<? ; 

R/S m 1.17 

R/S m 1.263 ’ 

R/S m 1.420 

0.3 

0.605 

0.001 

0.003 

0.007 

0.4 

0.895 

0.001 

0.003 

0.008 

0.5 

0.968 

0.001 

0.002 

i 0.005 

1 


* For values of R/S corresponding to sector cells. 


. In tiiiis paper, first, second, and third approximate solutions to the preceding 
problem were derived. The first approximate solution is given by : 

ow . 1 - [ . + f g + <b] 

As Uie mtio of R/S approaches unity, the above solution to the variable time- 
constant height merited of beaker-type centrifugation reduces to Oden’s method 
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of tangential intercepts for gravitational sedimentation which, if expressed in 
terms of z, is 

An error analysis was made of the theory presented in this paper. The calcu- 
lations based on assumed distribution functions, one of w^hich simulated a practi- 
cal dispersion of a fine pigment, indicated that the first approximate solution 
equation is sufficiently accurate for ordinary particle-size distribution deter- 
minations. Actually, the errors attributable to the mathematical approxima- 
tions inherent in the derivation of the final equation are well within the 
experimental inaccuracies of beaker-type centrifugation. 

Second and third mathematical approximations were derived but these equa- 
tions are of theoretical interest only, even though they permit a higher degree of 
mathematical accuracy. With Brown’s theoretical treatment of the constant 
time-variable height method and the Avriters’ development of approximate, yet 
mathematically accurate, equations for the variable time-constant height 
method, a complete theoretical basis is established for beaker-type centrifugal 
sedimentation of colloidal dispersions. 

There is suggested, as a result of the theory now' defining beaker- type centri- 
fugal sedimentation, a great deal of experimental w ork to evaluate the advantages 
of the variable time-constant height versus the constant time-variable height 
methods for determining particle-size distributions. The results of such an 
investigation are the subject of a second paper on beaker-type centrifugation. 


.\PPENDIX A 

The effect of the accelerative term on the motion of a particle in a centrifugal field 

According to Stokes’s law, the force resisting movement of a spherical particle 
in a field is given by the equation 

= Zinry 


The accelerative force is 


and the centrifugal force 


6 


jry*A X 
6 


From the laws of mechanics the centrifugal force minus the viscous force must 
equal the accelerative force; therefore with some simplification 


d*X 

d<* 


A dt 


- w*X = 0 


( 50 ) 
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where 

A “ “ cip 

This is a differential equation of the second order with constant coefficients whose 
solution is presented in most elementary texts on differential equatiims. The 
solution to this equation, after imposing the limits that when t equals zero the 
velocity of the particle is zero and that the particle is at the point X equals Xo 
on the axis, is 



If the functions under the square root sign are expanded by the binomial theorem, 
the following relations are obtained : 



1 1 _ 1 (y^AwY , 3 fy^AwX 

2V 9, / 9W • (S3) 


For the particular case of a spherical particle of titanium dioxide 2 microns in 
diameter immersed in water and being rotated at 1200 r.p.m., the following 
equation holds: 

= 0.65 X 10~“ 

9ij / 

Since this is an extremely small number, expansions 52 and 53 may be broken 
off at any term beyond the first without serious error. The exponent contains 
the expression 1 minus expansion 52, therefore the first two terms are retained. 
iUl terms beyond the first are neglected in expansion 53. With these substitu- 
tions equation 51 reduces to equation 54. 

This is the same result as that obtained by equating the viscous and centrifugal 
forces, which is the method used to derive equation 1. 

APPENDIX B 

Derivation of Oden’s method of tangential intercepts 

The method of tangential intercepts was originally developed by Oden (13). 
In the notation used in this paper the formula for the weight sedimented in a 
cylindrical tube by gravitational force is 

£F(y)dy + _[*^F(y)dy 


( 56 ) 
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By differentiation with respect to 2 : 

I --f W 

If this equation is multiplied by z, and half of the result substituted in the first 
equation, 

„ . f r(„) iy _ ,57) 

or 

P = l-[o+|2g] (58) 

since 

f F{y) dy = 1 
Jo 

By rearrangement of terms in equation 58 

This equation is customarily expressed in the form 

P = S + f ^ (60) 

where 

« = ^ F(y) dy (61) 

From equation 61 and Stokes’s law for a particle settling in a gravitational field, 
i.e., 

K 

^ <* 

where /iT is a constant and t is the time, equation 59 may be directly transformed 
into equation 60. 

APPENDIX c. 

Redwtion of the integral equcAion of centrifugal sedimentation to Oden’s method 

as R/S approaches 1 

If the exponential term in equation 4 is expanded in a series, it becomes: 

p - /; dv .+ b [f‘ - + ■ . . ] F(y) iy (62) 

By differentiation of equation 4 with respect to t 


(63) 
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Again by sanding tbe exponential function in a serira, equation 63 becomes: 



The first terms in the quadratures containing the expansions are equal in equa- 
tions 62 and 64. By the substitution of the value of this term in equation 64 
into equation 62 and by the use of the notation in appendix B, equation 62 
becomes: 


Since 


Limit 6a" = 0 n > 2 

the quadrature in equation 66 approaches zero as R/S approaches 1 and the 
equation reduces to Oden’s method. The elimination of the first terms in the 
quadratures of equations 62 and 64 is however, valid, slbR/S approaches 1 , because 

Limit 6a 1 

The senior author was the recipient of a fellowship in the Institute of Gas 
Technology while this problem was being investigated. The authors are in- 
debted to Dr. H. S. Wall, formerly of the Mathematics Department of Illinois 
Institute of Technology, who reviewed the mathematical developments. 
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THE OSMOTIC BEHAVIOR OF SOME COLLOIDAL ELECTROLYTES 
AS DETERMINED BY MEANS OF THE HILL-BALDES 
VAPOR-TENSION APPARATUS^ 

MANUEL N. FINEMAN* and JAMES W. McBAIN 
Department of Chemietry, Stanford University, California 

Received October tS, 1947 
INTRODUCTION 

Colloidal electrolytes iu aqueous solution are characterized by the aggregation 
of individual ions into colloidal particles or micelles. Hence the osmotic activity 
of colloidal electrolytes is correspondingly diminished while their conductivity 
may remain comparatively high, owing to the conductivity of the charged micelles 
as well as that of the free ions. Prior to 1939 only conductivity and transport 
numbers (12, 20) had been measured for very dilute solutions where the tran- 
sition from an ordinary uni-univalent electrol 3 rte to a colloidal electrolyte 
occurs. In more recent years methods for studying the colligative properties 
of colloidal electrolytes have included extensive investigations of the freezing- 
point depression (8, 15, 16, 17), with the more accurate Scatchard apparatus (27) 
superseding the original Beckmann procedure (5). 

However, materials which are only slightly soluble in water even at room 
temperature cannot be studied by the usual cryoscopic methods at 0°C. For 
such materials some accurate method for measuring the lowering of the vapor 
pressure would seem to be desirable. Early in the history of colloidal electro- 
lytes, McBain and Salmon (19) used the dew-point lowering method, which they 
found to be usefid at high concentrations but of questionable accuracy in dilute 
solutions. I*or the present investigation, a thermoelectric measurement of 
vapor pressure has been used, based upon the Hill-Baldes vapor-tension appara- 
tus, sometimes misleadin^y called the “thermoelectric osmometer”. 

In 1939 Baldes and his collaborators (3, 4) described a modification of the Hill 
vapor-pressure thermopile (10) for measuring the difference in vapor pressure 

* Presented before the Division of Colloid Chemistry of the American Chemical Society 
at the 112th Meeting, New York City, September 16, 1947. 

• Bristol-Myers Company Postdoctorate Fellow in Chemistry. Present address: Res- 
inous Products and Chemical Company, Philadelphia, Pennsylvania. 
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between two aqueous solutions or between a sdution and its solvent. Tbe prin- 
dple ol this method is essoitially that of the wet-bulb thennometa:. It inv^ves 
tbe thermoeleotrio measurement of the rates of evaporation from and condsnsa- 
tkm on droplets of the samide and a r^erenoe solution when these are placed on 
(qiposite junctions of a thermocouple 6ncl<^ in a moist chamber. Ihe deflec- 
tion of the gsdvanometer to which the thermocouple is connected is prq>oHi(mal 
to the differ^ce in t^perature between the two junctions and this, in turn, ' 
dq)end8 upom the difference in vapor pressure between the two droplets. 

The theory of the steady-state condition in the vapor-pressure apparatus has 
been giv^ by Baldes. Further, the accuracy, sensitivity, sources of error, and 
general scope of the procedure have been analysed in detail by Roepke (24). 
Moreover, in recent years experimental results have been reported (23, 25) in 
which this technique has been employed to study the formation of micelles in 
aqueous solutions of bile salts, and other similar phenomena principally in the 
field of biochemistry. 


AFPABATUS 

The apparatus xised in this work was similar to that described by Baldes and 
Johnson except for minor modifications. For example, the manganin. which 
Baldes and Johnson used in their constantan-manganin thermocouples, with 
copper leads, tended to become brittle and fractured earaly. Therdore these 
thermocouples were replaced by copper-constantan thermocouples in which 
the copper lead wires formed part of the thermocouple junction. Hiis 
apparatus has been sketched schematically and to scale in figure 1. Thermo- 
couples of copper and eonstantan wires, 5 and 2 mils in diameter, respectively, 
witb the loops about 8 mm. apart, were mounted on glass rods and were 
su^iended in the center of ^ass containers. These containers were lined with 
moistmed filter paper knd sealed with rubber stoppers. They were then 
mounted below the surface of a constant-temperature bath (25°C. ± 0.002“) as 
indicated in the sketch. For several of these determinations a brass container 
was also used but, generally, it was found that the glass containers were better 
for the purpose, since they made the thermocouples less sensitive to minor fiuc- 
tuations in the temperature of the water bath. The copper thermocouple leads 
connected through a convmient reversing switch directly to a very sensitive 
galvanometer of the Leeds and Northrup Type HS, list Number 2284b. 

To dflminate asymmetry of the thermocouple with req>ect to the surrounding 
wall, and parasitic electromotive forces, the galvanometer deflection was also 
observed with the solutions reversed on the thermocouple loops. The average 
of the two readinp was taken as the final value. For new thermocouples, prop- 
erly o(mstructed and carefully suspended in the centers of the contt^ers, t^ ' 
differences due to asymmetry were found to be small. 

Using a series of potassium chloride solutions of known molality as standards 
and water as the reference solution, each of the thmnocoupies used was first 
calibrated at a given temperature. The rraults gave strai^d^t lines ^en the 
galvaociaetnr deflection was plotted against the product of the molali^ d the 
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potaassum chloride and its osmotic coefficient at that molality. For potassimn 
chloride, the osmotic data reported by Hamed and Owen (9) were used. Thffli 
droplets of solutions of colloidal electrolytes of known concentration were placed 
on the thermocouple loops with water again as the reference solution and, from 



the galvanometer deflection observed, the unknown osmotic coefficient of the 
colloidal solution could be calculated. 

Each of the points represented on the graphs to follow, and obtained by the 
thermoelectric vapor-pressure method, represents the mean value of results 
using six or more 83 ^tems at the same time. Althou^ the sensitivity of the 
vapor-tension method is greater t^ian that of the Beckmann freezing-point de- 
pression procedure, its reproducibility varies from 4 per cent to 8 per cent, the 
greater deviation bring observed at the higher dilutions. 
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The colloidal electrol}rtes used in this work were the purest obtainable, as 
follows: potassium laurate and potassium myristate, special preparation by 
Kahlbaum; sodium oleate, Merck's best; sodium laurate, pr^red from East- 
man laiuic acid. The cationic detergents were prepared by the Wm. S. Merrell 
Company. The anionic soaps were recrystalliaed from alcoholic solution, during 
which time any ^oess fatty acid present was neutralized by alkali so that the 
final product had a pH in the aqueous alcohol of about 7. On making up the 
aqueous solutions, however, 4 moles per cent excess of alkali was added to the 
soaps in order to suppress hydrolysis. In calculating the osmotic coefficient, 
g, of the colloidal solution, the galvanometer deflection due to this added alkali 
was subtracted from the total deflection observed. These solutions were stored 
in Jma-glass containers. 

With some of the anionic detergents it was noticed that excessively prolonged 
exposure to carbon dioxide in the air inside the containers sometimes caused the 
soap droplets to turn cloudy. However, this did not seem to affect the galvanom- 
eter deflections during the first 2 hr. after droplet deposition. This cloudiness 
could be prevented by addition of a very small amoimt of alkali to the containers, 
which neutralizes the carbon dioxide in the air without affecting the magnitude 
of the galvanometer deflection. 


RESULTS 

Since the osmotic behavior of potassium laurate had already been investigated 
ejftensively at several temperatures, it was decided to apply the vapor-tension 
method first to this material as a standard. Therefore, potassium laurate was 
studied extensively at 25°C. and a few experiments were also attempted at 50°C. 
The results at both temperatures were found to be almost alike. In order to 
compare these data with the osmotic behavior of potassium laurate at 0°C., the 
freezing-point lowering curve was investigated at that temperature, using an 
apparatus similar to that of Scatchard and already described in detail by other 
investigators. The osmotic coefficients obtained confirm a previous determina- 
tion at O^C. reported from this laboratory by McBain and Brady (16), but appear 
to be about 30 per cent higher at O^C. in the concentration range from 0.03 to 0.3 
molal than the values obtained by the vapor-tension method at 25“ and 50“C. 
These data are tabulated in table 1 and reported graphically in figure 2. 

The straight lines of negative slope plotted at the tops of these graphs repre- 
sent the Debye-HQckel behavior of ideal uni-univalent electrolytes. The curves 
then display the deviation from ideality observed for colloidal electrolytes. 

In a recent paper (7) a simple method for determining the critical concentra- 
, tion for micelle formation has been described, based upon the spectral change of 
a dye. As a dilute aqueous solution of a dye is added to a soap solution, the 
color of the dye changes when the concentration of the soap decreases below the 
critical concentration. By noting the amount of dye solution required to bring 
about rius color change, it is therefore possible to calculate the concentration 
of the soap at this point. For each of the materials investigated here, the critical 
concentration was determined by means of this dye method, using Rhodamine 
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6G for the anionic detergents and Niagara Sky Blue as well as Bronx Cresol 
Purple for the cationic detergents. The values obtained are listed separately in 
the following tables and indicated on the graphs as falling on the idealized curve. 
The color change observed at the so-called ‘^criticar^ concentration by this 
method was by no means sharply defined, there being a gradual transition from 
one color to the other through the spectrum over a fairly wide concentration 
range. Therefore, the results reported are only approximations within 10 per 
cent. 

The critical concentration range in which the micelles of potassium laurate 
start to form was found to be about 0.025 molal by the vapor-tension method and 


TABLE 1 

Osmotic behavior of potassium laurate 


OT. 

25“(\ 

50*C. 

m 


s 

m 


g 

» 

j g 

0.248 

0.498 

0.218* 

0.1877 

0.433 

0.188 

0.1382 

0.372 1 0.239 

0.0978 

0.313 

0.413* 

0.1577 

0.397 

0.182 

0.0553 

0.235 i 0.457 

0.0449 

0.212 

0.752 

0.1382 

0.372 

0.273 

0.0272 

0.165 1 0.769 

0.0416 

0.202 

0.866* 

0.0858 

0.293 

0.299 


j 

0.031 

0.176 

0.899 

0.0553 

0.235 

0.529 


' 

0.0306 

0.175 

0.940* 

0.0491 

0.221 

0.521 


1 

0.0209 

0.144 1 

0.979 

0.0332 

0.182 ; 

0.765 


' j 

0.0147 

0.121 I 

0.979 

0.0272 1 

0.165 i 

0.702 


1 

0.0104 

0.102 ! 

0.968 

0.0214 

0.146 

0.821 


1 1 

Dye methodf. 


0.017 

0.13 

(0.955) 


! i 

1 


* Data of McHain and Brady (16). 

t g value arrived at by plotting critical concentration obtained by dye method as falling 
along the ideal g curve. 


0.017 molal by the dye method. It has oft^en been assumed that the critical 
concentration for micelle formation is reduced by the addition of a dye or other 
hydrocarbon which may be solubilized in the colloidal micelle. Thus, measure- 
ments by means of the solubilization of a dye usually yield lower values for the 
critical concentration than those obtained with the freezing-point depression 
technique. To investigate this phenomenon w-hexane was added to the potas- 
sium laurate solutions so that about 0.14 mole of hexane was solubilized per mole 
of soap, and the freezing-point determinations were repeated. The results of 
several such experiments showed that the solubilized hexane did indeed reduce 
the critical concentration of the soap by about 15 per cent. Further, this effect 
might have been magi^fied by the solubilization of a larger quantity of hexane. 
However, the general osmotic behavior obseiwed was closely analogous to that 
of potassium laurate alone without hexane. 

Potassium myristate and sodium laurate cannot be studied at 0®C. because of 
their low solubility. The results obtained at 25®C. are tabulated in table 2 and 
plotted in figure 3. The osmotic coefficient of potassium myristate is found to 
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Fio. 2. Osmotic behavior of potassium laurate 
TABLE 2 


Osmotic behavior of potassium myristate and sodium laurate at 


POTASSIUM HYXXSTATE 

1 SODIUM LAUXATS 

m 

1 ini/» 




■HB 

. 0.1966 



0.08147 

0.285 


0.0616s 



0.04307 

• 0.207 







■HH 

0.0119 






Dye method 

HUB 

0.078 

(0.975) 

0.024 

0.154 

(0.945) 














OSMOTIC COEFFICIENT 



TABLE 3 

Osmotic behavior of sodium oleate 


TEUPERATUILE 

METHODS 

m 

»*/* 

g 

e 

KEFEIENCE 

25X, 

Vapor tension 

0.0948s 

0.308 

0.241 

This work 



0.0419i 

0.204 

0.244 

Tins work 



0.01134 

0.106 

0.354 

This work 

1 

Dye 

0.0015 

0.039 

(0.986) 

This work 

18X. 

Dew point 

0.4 

0.632 

0.17 

(13) 



0.6 

0.774» 

0.17 

(13) 

0®C. 

Beckmann 

0.2 

0.447 

0.127 

(18) 



0.4 

0.632 

0.098 

(18) 



1 0.2 

1 

0.447 

0.111 i 

(15) 
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Fig. 4. Osmotic behavior of sodium oleate 
TABLE 4 

Osmotic behavior of some cationic detergents at Bd^C, 


CETVLPY^IDXNXUM CHLOKXDE 

C£XYZ.TEIICETHYLAJaiONXX711 BKOIODE 

CETyiDDCETKYLBENZYLAiaCONnTM 

CHL0BXD2 

m 

|»f»A 

g 

M 


g 

m 


g 

0.0419 

0.204 

0.120 

0.20 

0.447 




0.107 

0.0096t 

0.098 

0.412 

0.10 

0.316 




0.105 

0.0048» 

0.069 

0.685 

0.05 

0.223 

0.0573 



0.101 




0.005 

O.OTOt 

0.91 



0.62 


Bye method 
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drop sharply to a value less than 0.2 at a molality of about 0.06. The critical 
concentration for micelle formation is about 0.006 molal. For sodium laurate, 
a similar sharp drop in osmotic behavior is observed from a critical concentra- 
tion value of about 0.024 molal. This value is very close to that observed for 



^CONCENTRATION 

Fig. 5. Osmotic behavior of some cationic detergents 


potassium laurate (i.e., 0.025). Data at higher concentrations of sodium laurate 
are not obtainable because of its poor solubility. 

MoBain and Johnston (17) showed that the few measurements of sodium 
deate by the Beckmann and dew-point methods may be subject to some uncer- 
tiunty. However, by comparison with potassium oleate, they concluded that 
the curve for sodium oleate r^rted by Roepke and Mason (26), who used the 
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thermoelectric meriiod, was unacoounts^ly high. Sodium oleate was thereltoe 
investigated at 25°C.; tihe results obtained are tabulated in table 3. For com* 
parison, the. available data at 0°C. and 18°C. are included. No numerical data 
(xc tables were giv^ for the curve reported by Roepke and Mason. In figure 4 
their curve is reproduced, together with our experimental observations. 

Our results confirm tbe previous conclusion that the curve ckT Roepke and 
Mai^ for sodium oleate may be too high. These higher values may be due to 
hydrol3r3is of the soap in solution, since Roepke and Mason made no mention of 
inecautions to suppress hydrolysis. The critical concentration for zmcelle forma- 
tion in the case of sodium oleate is very close to that reported by McBain and 
Johnston for potassium oleate, i.e., 0.0015 molal. 

Among the solutions of cationic detergents investigated at*25‘’C. in the vapor- 
tension apparatus were cetylpyridinimn chloride (C.P.C.), oetyltrimethylam- 
monium bromide, (C.T.M.A.B.), and cetyldimethylbenzylammonium chloride 
(C.D.M.B.A.C.). The data for these are listed in table 4 and presented graphi- 
-cally infigurefi. 

For cetyltrimethylammonium bromide and cetyldimethylbenzylammonium 
chloride the solutions investigated at molalities less than 0.05 were subject to 
appreciable uncertainty; hence the portions of the curves plotted for these ma- 
terials between p = 1.0 and g = 0.2 are only approximations. The method of 
arriving at the shapes of the curves in this region will be outlined below. Inde- 
pendent investigations in this laboratory, soon to be reported, on the equivalent 
conductivity and freezing-point depression of these materials yield results which 
may be correlated with the cun’-es drawn here from the vapor-tension data. 

DISCUSSION 

The coUigative properties of dilute solutions are those which deal with the 
number and not the nature of the particles present in solution. These are com- 
monly called osmotic properties and include, in addition to the osmotic pressure, 
the lowering of the freezing point, rise of the boiling point, low'ering of the dew 
point, etc. Since each of these properties depends upon the vapor pressure of 
the solution, it would seem reasonable to suppose that data obtained by any one 
of these methods could be replotted in terms of the lowering of the vapor pres- 
sure. More conveniently, the relative lowering of the vapor pressure would 
make these data independent of the temperature at which they were obtedned. 
Such calculations have been made for the osmotic data obtained here by the 
thermoelectric vapor-taision method as well as by the freezing-point depression, 
figures 6, 7, and 8 represent the osmotic data replotted in terms of relative vapor- 
pressure lowering. 

The straight line which goes throug^i the origih represents the relative vapor- 
pressure lowering for an ideal uni-univalent dectrolyte such as. potassium 
chloride. The other straight lines represent the deviation from ideality observed 
for the colloidid electrolytes and intersect the ideal curve at a concentration 
rou^^ equal to the crirical concenkation for micelle formarion. 

The fact that the osmotic bdiavior of these collddal soluticms may be oharao- 



OtOfOnC BBHAVKKB OV COLLOIDAIi BliBCnnOLYTB$ 


891 


terised by a straight-line relationship, first noted independently by Drs. Brady 
and Chandler of this laboratory, markedly simplifies investigations on these and 
like materials. In order to plot the complete osmotic-activity curve, it now 
merely becomes necessary to ascertain the critical concentration and the relative 
vapor-pressure lowering at one or two concentrations above the critical concen- 
tration. For this purpose any convenient colligative property of the materia 
may be investigated. Then, from the strai^t line plotted between these points 



Fin. 6. Vapor-presaure lowering; for ideal behavior in dilute solution and actual behavior 
of more concentrated solution, the intersection showing the influence of temfterature on 
the so-called critical concentration for formation of micelles. 


the osmotic activity at any other concentration above the critical concentration 
may now be calculated directly. 

Other investigations in this laboratory show that the straight lines thus plotted 
for colloidal electrolytes fall off slightly in slope as they approach the ideal ciuve 
(6). However, these straight lines may be extrapolated to intersect the ideal 
curve. The concentration at this intersection is shown in figures 6 and 7 to 
coincide very closely with the value for the critical concentration for micelle 
formaricm obtained by the dye method. On the basis of the straight lines plotted 
in figure 8, it was possible to calculate the full curves shown in figure 5 for the 
catiomc detergents even over the concentration range where no experimental 
points were obtained. 
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Claasifieation of detergents 

In describing generalized curves by which the osmotic behavior of different 
colloidal electrolytes may be related as to type, McBain and Brady (16) have 
demonstrated that all straight-chain detergents associate into micelles with equal 
readiness, branched-chain materials less readily than straight-chain, and poly- 
cyclic colloidal electrolytes least readily of all. By plotting the osmotic coeffi- 
cient, g, against the logarithm of the concentration divided by the concentration 
at which g = 0.5, they were able to show that between g values of 0.2 and 0.9, a 



Fig. 9. Osmotic coefficients plotted on the Brady curve (16) characteristic of strught- 
chain colloidal electrolytes. 

single curve may be drawn through the data for all straight-chain compounds, 
another for branched-chain materials, and still a third for those of polycyclic 
structure. Applying this method of plotting to the osmotic data obtained here 
and taking the best values for the osmotic coefficients from the curves in figures 
2, 3, 4, and 5, figure 9 shows that all the compounds investigated seem to be of the 
straig^t-chsun type. Sodium oleate, however, more closely approximates the 
branched-chain type of behavior, possibly because restricted rotation arising 
from the presence of a double bond prevents close packing of the chains in the 
micelles. This branched-chain type of behavior has also been reported for potas- 
sium oleate (16). 
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It is interesting to note that tiie slopes of the shrai|^t lines plotted in 
figures 6, 7, and 8 for all the materials, except sodium deate, seecn to be oonsta&t 
about a mean value of 0.0031 (tablje fi). For sodium oleate, however, the slope 
is about 0.0082. From this one may infer that stoaif^tHihain^ braiuihed-duun, 
and polycyclic compounds may be readily identified by the sloi^ d the straij^t 
lines when the data are plotted as in figures 6, 7, and 8. 

Variation of osmotic behavior with temperature 

Because of the fact that the vapor-tension method may be used for solutions 
at any temperat^ below the boiling point of the sdir^at, it should be possible 
to determine the variation of the osmotic coefficient of coUoidal electrolsrtes with 
temperature. For potassium laurate, figure 2 shows that the osmotic data at 
25'’C. and 50°C. coincide almost exactly. However, the data at. these tempera- 
tures fall below those obtained by the method of the freezing-point depression at 
0“C. There is still imcertainty as to whether this difference in osmotic bdiavior 


TABLE 6 

Claaaification of delergenla 


MATXUAL 

SLOPE OF 
STlAlGilT UNE 

TYPE 

Potassium laurate (OX.) 

0.0028 

Straight-chain 

Potassium laurate (26®C.) 

0.0031 1 

Straight-chain 

Potassium myristate 

0.0034 

Straight-chain 

Sodium laurate 

0.0047 

Straight-chain 

Cetylpyridinium chloride 

0.0020 

Straight-chain 

Cetyltrimethylammonium bromide 

0.0023 

Straight-chain 

Cetyldimethylbenzylammonium chloride .... 

0.0037 

Straight-chain 

Sodium oleate 

0.0082 * 

Branched -chain 


is a true function of temperature, or only a methodic difference between the two 
procedures.. The measurements at 0®C., using the Scatchard apparatus, are 
supposed to be the most accurate obtainable. Hence, asBiimin g that the osmotic 
coefficient does not change very much with temperature between 0°C. and 25®C., 
it may be that the low results obtained with the vapor-tension method may be 
due to some error inherent in the apparatus or in the procedure. 

The theory of the vapor-tension method as outlined by Baldes depends upon 
the rapid attainment of a condition of steady state between the droplets on the 
two junctions of the thermocouple. It has been assumed that this condition is 
reached very shortly after the droplets arid their container reach the Hama tem- 
perature as the water bath. Very recently this assumption has been confirmed 
by Lifson and Lorber (14), who showed that the condition of steady state is 
reached within 40 sec. after deposition'of the droplets on the Hietmocouple loops 
the apparatus is immersed in the bath at a constant tempwature. For the 
investigations reported in this work, galvanometer readings were taken over a 
period (rf2 hr. from the time of deposition of the droplets. 
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In defining the scope of the vapor-tmMon apparatus, Roepke (24) suggested 
that the presence of a film on the surface of the droplets at the thermocouple 
junctimis mi^^t retard the process of evaporation and give rise to low osmotic 
values. With some films it has been shown (28) that the rate of evaporation 
may be retarded by as much as 90 per cent. 

To investigate what effect this phenomenon mi^t have on the results obtained 
above with the vapor-tension apparatus, two solutions of 0.1 molal potassium 
chloride were made up. To one of these solutions a small amount of potassium 
lainate was added — sufficient to give the solution a surface pressure of about 35 
dynes. This amotmt of potassium laurate was small enough to contribute noth- 
ing to the osmotic behavior of the potassimn chloride, but the presence of the film 
might retard the evaporation as indicated above and show a reduced galvanom- 
eter deflection. To the other solution, nothing was added. Upon investiga- 
tion, both these solutions of potassium chloride showed exactly the same galvanom- 
eter deflection. Therefore, it would appear that althou^ the presence of a 
surface film may retard the rate of evaporation from a droplet, it does not seem 
to affect the equilibrium between solution and solvent once a steady state is 
attained; and it is this equilibrium which ultimately determines the magnitude 
of the galvanometer d^ection in the vapor-tension apparatus. 

Despite these checks on the precision of the vapor-tension apparatus, there 
are a number of other factors involved — such as loss of heat due to radiation 
between the junctions — which may tend to give values slightly lower than nor- 
mal. Other possibilities of error include those vrhich may arise whenever a 
method must be standardised against some so-called standard. Nevertheless, 
in spite of these difficulties, the method is obviously of merit for all comparative 
purposes. It is further useful and valuable in that it may be applied to solutions 
in solvents other than water at any temperature up to the boiling point of the 
solvent. 

Other isopiestic vapor-pressure experiments in this laboratory (21), to be re- 
ported shortly, show that the osmotic coefficient of potassium laurate increases 
only very slightly with temperature from 35®C. to lOS^C. Similar investigations 
of critical concentration by conductivity (29), surface tension (22), and refrac- 
tive index (1 1) at varying temperatures, together with the coincidence of present 
data at 25®C. and 50®C., seem to support the view that the osmotic coefficient 
increases only slightly with temperature. 

Several experiments have been attempted using thermistors (thermally sensi- 
tive resistors) in place of the thermocouples for determining the vapor-pressure 
lowering of these colloidal solutions. At a condition of steady state the droplets 
of solution and solvent deposited on the tips of the thermistors had a constant 
temperature difference which could be measured as a resistance differential on a 
Wheatstone bridge. From the results obtained it was apparent that the sensi- 
tivity of the particular type of thermistors used was not nearly as good as that of 
the thermocouples. However, thermistors having a high temperature coefficient 
of resistance are being manufactured at present, and these may find later use as 
a substitute for the thermocouple in the vapor-tension method. An added ad- 
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vantage in the use of the thennistors is that with these the temperature of each 
of the droplets can be measured separately, if desired, whereas the thermocouple 
only records the difference in tenperature between them. 

SUMMABY 

The osmotic behavior of colloidal electrolytes, some of which are only sli^tly 
soluble in water at room temperature and hence cannot be studied by the usual 
cryoscopic methods at 0°C., has been investigated at 25°C. and at higher t^i- 
peratures by means of a modification of the Hill-Baldes vapor-tension apparatus, 
sometimes called the ‘‘thermoelectric osmometer’\ 

Data thus obtained are reported for some anionic detergents such as the sodium 
and potassium salts of lauric, myristic, and oleic acids as well as for cationic de- 
tergents of the substituted ammonium and pyridinium halide types. The results 
are in fair agreement with the generalized curves for colloidal electrolytes first 
described by McBain and Brady. Further, for potassium laurate, there does 
not seem to be any appreciable change in the value of the osmotic coeflScient for 
changes in temperature from 0°C. to 50°C. 

The usefulness of the vapor^tension apparatus for studying the behavior of 
colloidal electrolytes is demonstrated. 
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The experiments described here form part of an investigation into the mecha- 
nism whereby molechles diffuse across an oil-water interface, and into the effect 
of monomolecular films on such diffusion processes. 

Diffusion problems are of fundamental importance in the study of many 
physiological processes and have been the subject of very extensive research (9), 
but in many cases the systems investigated have been so complex that experi- 
mental proof of the various mechanisms proposed to explain the transfer of 
material, say through a cell membrane, has been difficult to obtain. These proc- 
esses always involve the transfer of material across some kind of interface, be 
it oil-.vater or solid-water, and from the earliest days of the study of monomolec- 
ular films it has been recognized that such films must play an important role in 
physiology. However, no predictions as to the mode of action of these films are 
to be found in the literature, and direct experimental investigation seems desir- 
able. 

The structure of plasma membranes is generally considered to be a mosaic 
network of protein matter, in the interstices of which is retained lipoid or oily 
material (12), and currently held theories on diffusion through such membranes 
are based on this conception. The original “lipoid’’ theory of diffusion postu- 
lated by Overton (11) (and in the special case of narcosis by Meyer (10)) sug- 
gested that there was a marked parallelism between the permeability of organic 
non-electrolytes in the membrane and the distribution coefficient of the diffusing 
molecule between the lipoid material and water. Those compounds which are 
preferentially soluble in the lipoid phase diffuse most rapidly. In an extensive 
study of the rates of penetration of a number of organics liquids into single cells 
of Chara ceraiophylla Collander and Barlund (5) found a good correlation, between 
the rates of penetration and the respective distribution coefficients between olive 
oil and water. Discrepancies, particularly in the case of molecules of low molec- 
ular weight, in which greater rates are observ^ed than theory predicts, have led 
to a modification of the Overton theory, and Collander and Barlund propose a 
“lipoid-siexe” theory according to which the membrane is composed of islets of 
lip jid held between sieve-like areas of protein mosaic, the sieve-like areas varying 
in degree of porosity. Thus, while all molecules are free to move by means of 
their lipoid solubility, some may be prevented to some extent, owing to their size, 
from permeating by the sieve mechanism. 

It seems extremely probable that, since the lipoid contains surface-active ma- 

^ Presented in part at the Twenty -first National Colloid Syinposiuiii, which was held 
under the auspices of the Division of Colloid Chemistry of the American Chemical Society 
at Stanford University, June, 1947. 

* Bristol-Myers Company Postdoctorate Fellow’ and Research Associate in C.hemistTv. 
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toials gucb as lecithin, i^e water-lipoid interface will be covered by a more or 
less oriented layer, and diffusion processes will involve penetration of these laym. 
On sa£h a situation the ejqperiments of Harkins (8) and Stdiulnmn (14) would have 
a direct bearing. It was decided, therefore, to restrict attention, in the first 
instance, to the lipoid portioiu of the membrane, and the following experimaxts 
w^ planned as a crude approxdmation to the system cell lipoid-water. 

(i) Molecules were allowed to diffuse from aqueous solut^n across a bensene- 
water interface into benzene, and the rate of diffusion was studied as a fimction 
distribution coefficient. 

(£) The exqxeriments were repeated under the same conditions, using now not 
simply a bensene^water interface, but a benzene-water interface at which a film 
of surface-active material was present. 

EXPERIHENTAt. 

The materials used as the diffusing molecules were ethyl, n-propyl, n-butyl, 
and n-amyl alcohols. Tm milliliters of an aqueous solution of alcohol was placed 
in a graduate, thermostated at 2^°C., and 20 ml. of benzene was car^uUy pipetted 
on top of the aqueous layer. Diffusion began immediately ; the rate was followed 
by withdrawing 0.25-cc. samples of the benzene layer and determining the refrac- 
tive index by means of a Zeiss interferometer. In earlier experiments the two 
layers were not stirred, as it was felt that stirring would disturb the interface 
imduly. All the compounds used yielded solutions, both in benzene and in 
water, with lower density than the pure solvents, so that for diffusion from the 
lower aqueous layer into the benzene, stirring by means of convection occurred. 
Later work in which stirring was used gave results identical with those in the 
‘ absence of stirring, showing that uniformity of concentration in the tw’o layers 
was obtained in either case. Stirring w'as x^hieved by means of two paddle 
wheels about 3 cm. in diameter soldered to a thin shaft about 2 mm. in diameter, 
so adjusted that one paddle was about 1 mm. above the interface and the other 
about 1 mm. below the interface. At the speeds of stirring used, 20-30 revolu- 
tions per minute, the interface was only sli^tly disturbed and it is estimated that 
the ripples induced by stirring changed the interfacial area by less than 5 per 
cent. Experiments with colored dyestuffs showed that the speeds of stirring 
used were sufficient to maintain bulk uniformity of concentration. 

At first, attempts were made to spread films at the benzene-water interface, 
but none of the materials commonly used at air-water interfaces proved suffi- 
Tciently stable over the several-hour periods required during these experiments. 
Aceorffingly, stable adsorbed films were obtained by using solutions of sodium 
cetyl sulfate and cetylpsmdinium chloride. The concentrations of these surface 
Clients were low, being less than 200 mg./liter, and their effect on diffusion in the 
aqueous layer may be neglected. By varying the concentration of surface ag^t 
tiie surface pressure of the film was readily varied. The water and benzene were 
mutually saturated at the be^nning of each experiment to minimize side difects 
due to l^e diffusion of water. 

As might be expected, the reproducibility of this type of experimait was not 
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very hi^. In the absence of films, variations of ± 5-7 per cent were observed, 
but in the presmice of films reproducibility was rather better. Accordingly it is 
emphasised that the results these experiments are semiquantitative and that 
deductions therefrom are tentative. 


BBSTTLOIS 

In figure 1 curves are given for the concentration, Cb, of n-propyl aJcohol^in 
tile benzene layer as a function of time. The diffusion does not appear to fit the 
Fick law relating rate to concentration gradient (assuming any arbitrary thick- 
ness T for the interface) and no values of diffusion coefficients have so far berni 


TABLE 1 

Distribviion coefficients of normal alcohols between bensene and water 


0 

ALCOHOL 

C NCKNTKATIOK 

IN WATER* 

CONCENTRATION 

IN BKNEENEf 

DISTRIBUTION 

COEfnCIXNT 

.. MW 
^ ’ MB 

INITIAL rate/ 
INITIAL 

CONCENTRATION 

DIFFERENCE 


moleslliter 

moles/Uter 



minr^ 

Ethyl 

6.17 

0.643 

9.61 

± 0.2 

1.6 X 10“» 


4.72 

0.336 

14.05 

db 0.2 



2.76 

0.144 

19.25 

0.2 



1.61 

0.060 

25.14 

±0.2 

! 

n-Propyl 

1.93 

1.55 

1.24 

± 0.1 

1.4 X 10-* 


1,61 , 

0.789 

2.03 

±0.1 



1,00 

0.256 

3.90 

±0.1 



0.528 

0.124 

4.26 

±0.1 


n-Butyl 

0.364 

0.482 

0.767 

±0.1 

1.9 X 10-* 


0.308 

0.329 

0.940 

± 0.1 



0.225 

0.204 

1.10 

± 0.1 



0.177 

1 0.103 

1.72 

± O.l 


n-Amyl.. 

0.0511 

0.132 

0.388 

±0.2 

2.6 X 10-* 


0.0306 

0.0618 

1 

0.49 

± 0.2 



* Gram-formulae per liter -> MW. 
t Gram-formulae per liter •» MB. 


obtained. At low concentration of alcohol the initial slope of the Cs-time curves 
is. proportional to the initial concentration but the proportionality disappears at 
hi^er concentrations. The initial concautrations varied for the different al- 
cohols due to differences in solubility, distribution coefficient, and the need to 
-have sufficient alcohol present to make measurement of the refractive index 
reasonably accurate, so that direct comparison of the rates is not easy. 

In figure 2, values of a “saturation” function, Cs/Ca,, are plotted for the 
various alcohols to make a compariscm possible. Cb is the concentration of 
alcohol in benzene at time i, and Cw is the final equilibrium concentration in the 
bfflisfiue when distribution has been attained. Since C^i is proportional to the 
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imtial eonoea1xati(m in tbe water, as the initial valiMS of Cs within limits, 
this “saturation” function may be used for a roufdi ocnnpariscni of the series 
alcohols. 

In table 1 values are given for the initial rate/initial ocmcentration, although as 
stated above this may not be an exact oompariscHi owing to variation of this 
factor with concentration. 'The results show that, on this scale, the rates c£ 
diffusio n are in the order n-amyl alcohol > n-butyl alcohol > n*propyl alcohol > 
ethyl alcohol. Qualitatively this is in accordance with the Overton-Meyer 
theory. The values obtuned for the distribution coefficients of the various al- 
ordxols, however, show that the variation in distribution co^oients is much 
greater than that of the initial rates. 



Fio. 5. Interfscial tension of the system aqueous ethyl alcohol-bensene 

Turning now to the effect of films on the rate of diffusion, the dotted curves in 
figure 2 show the effect of a film of sodium cetyl sulfate at 30 dynes/cm. pressure. 
Clearly, under the same conditions of concentration gradient the rate of diffusion 
of a pven alcohol is reduced considerably. 

Mataials other than sodium cetyl sulfate were tised to give adsorbed films — 
e.g., cetylpyridinium chloride in water, cholesterol and palmitic add in benaene — 
and in all cases similar retarding effects due to the interfacial film were obsmwed. 

The question now arises as to how the presence of the film can exert such a 
marked influence on the diffudrm. A number of suggestions may be made a 
priori. (1) Distribution equilibriiun is disturbed by the presence of surface 
agndain sdution. (JB) The mdeoules in the film occupy space in the interface 
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whidi would otherwise be available to the diffusing molecules, i.e., the film acts 
merely as a sieve. (5) The diffusing molecule may, on penetrating the film, 
interact with the film molecules and spend a greater time in the interface before 
passing into the bensene phase, i.e., the film would act as a potential barrier. 

Eixperiment readily showed that the presence of sodium cetyl sulfate, at least 
in such concentrations as were used, had no measurable effect on distribution 
coefficients, so that hypothesis 1 could be abandoned. 

Experiments were carried out with n-propyl alcohol at a nmnber of film pres- 
sures, as shown in figure 3. Variation of the film pressure over a sevenfold range 
produced a much smaller change in the rate of diffusion. At first sight this mi^t 
appear to indicate that the film does notact as a sieve, since a more critical de- 



Fio. 6. laterfacial tension of the system aqueous n-propyl alcohol-bensene 

pendence on pressure might be anticipated by analogy with experiments on fiie 
diffusion of water molecules through monolayers (15). However, it should be 
pointed out that (a) the final film pressure is slowly attained by surface aging 
over the first 30-40 min., during which a considerable fraction of the transfer 
has occurred, and (6) apart from one experiment by Alexander (2) no data are 
available for force-area curves for sodium cetyl, sulfate, so that little is known 
about the packing of the film molecules at various pressures. 

Rather more direct evidence was obtained by studying the rates of diffusion 
of a number of four-carbon-atom compounds, viz., n-butyl alcohol, n-butylamine, 
ether, and methyl etifiyl ketone, as shown in figure 4. It will be seen that the 
retardation is very much less in the case of »-butylamine than for n-butyl alcohol, 
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while for el^er and .melhyl ethyl ketone there is praotioaJly -no retardation. 
Foisther, it was found that although a-amyl alcohol is strongly retuded, tert^ 
amyl alcohol is soarody retarded at all. This variation in the effect of the film 
with molecules differing in oonfiguialdon, but not veiy greatly in mse, su^Bests 
strongly that penetration and interaction in the film are greater importance 
tihan mere mechanical obstruction. 

Interfacial-tension experiments were carried out to see.whetimr a study of the 
intmfacial tensions would provide any evidence as to the mechanism. In order 
to make any possible effects of penetration of the film more clearly evident, solu- 
tions of sodium cetyl sulfate were used of sudi concentration as to give a film 



Fig. 7. Interfacial tension of the system aqueous n-butyl aloohot-bensene 

pressure of 25 dynes/cm. instead of 30 dynes/cm. A variety of methods were 
used to measure the interfacial tension of the systems 

(1) aqueous alcohol-benzene 

(2) (aqueous alcohol + sodium cetyl BUlfate)-benzene 

both in the early stages of the diffusion and also at equilibrium. Four different 
methods were used, viz., drop-volume, the rims method, pendant drop, and sessile 
bubble. Comparison of the methods vdll form the substance of a forthcoming 
paper, but it may be stated here that considerable disagreement between the 
various methods was observed and the values quoted here were obtained by 
nmans oi the sessile-drop method. This method has been adequately described 
in the literature (1, 4, 7) and will not be described here. Correction factors 
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Fia. 8. Interfacial tension of the system aqueous n-amyl alcohol-benzene 



Fig. 9 . Aging of the interface for the system aqueous sodium cetyl sulfate-benzene 
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derived directly from the tablm of Baahforth and Adams 0) were obtakied frmn 
a paper by Porter (13). Bubbles were used of surii sise liuit the correction fae> 
tors were less than 10 per cent and were in the regicm whrae they may be calcu- 
late with conriderable accuracy. 

The bubble-forming tube was placed vertical^ in an optical cuvette ecmtuning 
100 ml. of the solution of alcohol, and 10 ml. of bensene was carefully pipetted 
into the tube, hieasurements of the interfacial tmision were made from the 
time of formation of the interface until equilibrium was established, usually a 
period of 3-4 hr. 

In figures 5-8 values are given for the interfacial torsion of the various alcohol 
solutions over a range of concentrations, as measured 5 min. from the beginning 



Fig. 10. Interfacial tension for the system aqueous ether-benzene 

of the experiment. Values are also given for the same systems after distribution 
equilibrium had been established. The open circles refer to the 5-min. readings 
and the full circles to the equilibrium values; dotted curves show the ^ect of 
tire presence of sodium cetyl srrlfate on the system. (It will be observed that the 
values of interfacial tension correspondmg to the system consisting of sodium 
cetyl sulfate -f aqueous alcohol and benzene are not the same in both cases; this 
is due to the a^ng of such an interface, as shown in figure 9.) 

DISCUSSION 

It is dear that both in the initial stages of diffusion and at equilibrium con- 
dderable penetration of the sodium cetyl sulfate film occurs. Application of the 
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Gibbs adsorption equilibrium to such systems is not possible, owing to the num- 
ber of variables involved, but if the strength of the interaction is measured as the 
increase of pressure, then at equal molar percentages the interaction increAses 
in the order ethyl < propyl < butyl < amyl alcohol, as one might expect. This 
penetration of the film in both equilibrium and non-equilibrium states is taken as 
evidence that the interaction hypothesis is indeed correct, and this is borne out 
by the interfacial-tension curves of one of the materials for which retardation is 
almost negligible, m., ethyl ether in figure 10. Here there is a correspondingly 
poor penetration of the film during the early part of the diffusion process, and 
here is also a rough correlation between the lower rate of diffusion of ether, as 
compared with that of butyl alcohol, and its much lower surface activity. This 
again would be expected. Davson and Danielli (6) are at some pains, in de- 
scribing the Overton-Meyer hypothesis, to minimize the importance of surface 
activity of the diffusing molecule, remarking that although with increasing chain 
length the surface activity of the molecule increases, yet so also does the distribu- 
tion coefficient, and that the latter is the important factor. Now if any mecha- 
nism may be deduced from the Overton-Meyer theory it is simply that the driving 
force is that due to osmotic pressure. In these experiments, at the concentra- 
tions usexi, the initial lack of osmotic balance would be in the order butyl > 
propyl > ethyl > amyl, whereas the measured initial rates/concentration gra- 
dient are in fact amyl > butyl > propyl > ethyl, in agreement with the order of 
surface activities (at a given concentration). Indeed if, in biological processes, 
a molecule must pass through some kind of oil-water interface, then it is diflScult 
to see how surface activity can be ignored in interpreting the phenomena. 

Attempts were made to investigate any possible temperature effect of the dif- 
fusion process, but so far the results have been too erratic to enable any conclu- 
sion to be reached. Similarly, experiments were carried out to investigate dif- 
fusion from the benzene layer into water. Again the results were very erratic, 
and it is thought that greatly improved stirring is necessary to ensure uniformity 
of bulk concentration. 


SUMMARY 

The rates of diffusion of a number of alcohols from water into benzene across 
the benzene-water interface have been measured. Initial rates are in the order 
amyl > butyl > propyl > ethyl, in qualitative agreement with the Overton- 
Meyer theory. The retarding effect of films of surface-active materials on the 
diffusion has been investigated, and measurement of the interfacial tensions of 
the various systems supports the h 3 rpothesis that interaction in the film is respon- 
sible for the retardation. As yet no mathematical analysis of the diffusion curves 
has been possible, and the results quoted are semiquantitative. 


The author wishes to acknowledge the helpful guidance of Professor James W. 
McBain throughout this investigation. 
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ON THE EXPERIMENTAL BASES FOR THE CALCULATION OF THE 
SULFURIC ACID VAPOR PRESSURE ABO\^ THE 
SULFURIC ACID-WATER SYSTEM 

E. ABEL 

6S Hamilton Terrace^ London N.W.Sj England 
Received May ^7 ^ 19 k7 ' 

.Recently a series of thermodynamic and thennal data have been determined 
which would have been applicable to the relationships developed in a previous 
paper (1) for the calculation of sulfuric acid vapor pressure, but which could 
not be fully used in that paper. They supply far more reliable numerical values 
for this calculation than could previously be obtained and it may therefore be 
desirable, in view of the importance of sulfuric acid, to examine the extent and 
the degree of accuracy to which the vapor pressure of sulfuric acid can now be 
calculated. 

The calculation, as I have shown, is based on the reaction of the formation pf 
sulfuric acid in its standard state ((H2SO4)®) from water vapor (H20®(g)) and 
sulfur trioxide gas (SOj (g)) in their standard states : 

‘ H20"(g) + SOS(g) = (H2S04)‘^; A(?(o); 

* With respect to notations see reference 1. As we are dealing with a binary liquid 
system, all thermodynamic quantities are, of course, partial molal quantities; for the 
sake of simidicity, the bar is omitted. 
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CALCULATION* OF SULFURIC ACID VAPOR PRESSURE 

It is the thermodynamics of this reaction which has been submitted to a 
revision. Table 1 gives the best data at 25°C. at present available.^ 

More exact thermal data can now also be coordinated with the analogous 
reaction leading to H 2 S 04 (ir): 

H,0“(g) + SO?(g) = AH(x); AC(t) 

Airw) - -217.29 + l; 

ACi^) = a: - (^cy + trc;-) 

insofar as the relative partial molal heat contents and the partial molal heat 
capacities which so far could only be calculated indirectly, can now be re- 
placed by experimental values (4). Even so, in view of the curious course of 
CJ as a function of t, much closer determinations could be desired. 

TABLE 

Thermodynamic data 
r - T = 298® 

H)O(g) j SOi(g) j HiSOi 

-UnSo -HvO \ ! -A,H" -A.G" -A.S* j -A//» -AG» -AS* 

67.8 54.0 j II 08 L. 43 ± 0.15 88.48 ± 0.2019.95 ± 0.201217.291 176.1 138.22 

(Is, 13) (13); , (18)t (18)t (18)t| (10,20) 

I ; ! I : 176 5 136.88 

j i i i I I (9,13)§ 

ACr(«) - -33.52 ± 0.20; A/7'(») = -65 06 ± 0.15; AS^(») = -105.85 ± 0.20 

* Heats (SW) and free energies (A<7®) of formation in kilogram-calories; entropies 
(AS^) in K.v. (calories per degree). 

t See also references 6, 7, 15, 17. 
t -193.75 (la, 10, ID- 23.54 (4), 

§ The above-mentioned values seem to be preferable to the value —175.3 (11, 12); the 
following calculations are based on the value —176.5 (9, 13). 

■ The heat capacities „C'p and ,Cp of HgO®(g) and SO»(g) can be shown to be in 
fair agreement with the data which have also in part been only recently calcu- 
lated from the thermodynamic properties of these two gases (8, 18), using the 
equations 

«,Cp = 4.33 -I- 3.101 X 10"*r - 1.67 X 10~®r*cal. 

.cl = 7.73 ■+■ 0.034 X 10”*T -t- 0.192 X 10"®r*cal. 

80 that * 

A(7(ir) = Cl* -1- iiT -h pT* 

Cl* = Cl - 12.06; M = +3.135 X 10“*; p = -1.478 X 10“* 

Thus a large part of the data applicable to the calculation of the vapor pres- 
sures of sulfuric acid appears to be on a far better basis than was previously 
the case. 

* These data seem to be much more reliable than those published by Kapustinskil (8a). 
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Borne data, however, are atill In the liquid phase: Exact knowledge 

of the activities (a!^) of the sulfuric acid ccmiponraat in the range of hi|di ooneen^ 
trations — say from 85 per cent upwards — ^in which the water vapor presstues mi 
which the calculation of the activities is based (1, p. 2^) are known inade^ 
.quately or not atall. Also, the exact dependence on temperature of the C values 
is lacking. 

In the vapor phase: Knowledge of the range of temperature within which the 
equilibrium constant, Kp, of the dissociation of sulfuric acid vapor (2) is repre- 
sented with sufficient accuracy by the relationship: 

logK, = *1 -1-^ +h\og T + hT * 

where 

ki = 5.88, kt = -5000, fc, = 1.75, h = -5.7 X W 

With regard to the activity, thanks to the increased accuracy of the thermal 
and thermodynamic data shown, it seems that it might be possible to calculate 
the activity of the sulfuric acid component in a special case of highly concentrated 
acids, and hence to make at least an approximate estimation of the course of the 
activities in the range of high concentrations. In view of the identity of the 
composition of liquid and vapor at the azeotropic boiling point (T, = 599°), 
the sulfuric acid partial pressure (p? = 356 mm. Hg) can be calculated here 
(see 1, p. 270); with the aid of the numerical relationships which are given below 
and which may be regarded as fairly reliable at this high temperature,^ this 
value enables us‘ to calculate the activity of the sulfuric acid component at the 
azeotropic concentration: ¥ = 98.3; log a> = 8.74. 

The level of this concentration and the course of the activity curve up to about 
85 per cent further give us some indication of the probable course of the activity 
(figure 1 ; dotted curve) as it approaches highly concentrated and, finally, pure 
sulfuric acid. The activities and hence the partial molal free energies of forma- 
tion of the sulfuric acid component seem — theoretically this is quite plausible — 
to be tending towards a limit (log a^. loo 8.76) which seems to be very nearly 
reached at the azeotropic concentration.* For the free energy of formation of 
sulfuric acid, 100 per cent (25°C.), this limit would lead to A(/(Hj804(l)) = 
-176.5 + R*t X 8.76 X 10“’ * -164.6 Cal. 

With regard to the dependence on temperature of the partial mola' heat capaci- 
ties of the sulfuric acid component, I have tried (as shown in reference 1, p. 265; 
see also 5, 20) to calculate these from older measurements which were not partic- 

^ It should be noted that Kp is formulated on the tacit assumption that the gases follow 
the laws of ideal gases. 

^ See footnote 7. 

* On the assumption that ^ 0.037; (699) » —3.99 (see page 911); the 

determinations in references 3, 16, and 17 are not as consistent as desirable. Partial and 
total quantities are practically identical at t «« 100. 

« It should be noted that the partial molal heat of formation of sulfuric acid also varies 
only by Q.44i3al. (4) between » « 91.69 and r «« 100 at an average value of -194 Cal. (la). 
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ularly well suited to this purpose; there are at present no direct determina- 
tions of these partial values. In these circumstances it may be desirable to 
summarize separately the terms of the vapor-pressure formula containing this 
dependence on temperature. Writing 

C,^Cr, + a,{T - r) 



Fio. 1. Course of the activity curve for sulfuric acid of high concentration 


TABLE 2 
Valuea for J* iT) 


T 


r 


298 

0 

500 

1.78 

* 350 

0.25 

550 

2.80 

400 

0.58 

600 

4.00 

450 

1.06 

650 

5.57 


the term containing a, will be : 

J,{T) = - r) dr = - f " 2r In^J = a,-4.587*(r) 

Some values for J*iT) are given in table 2. 

Far more important than the last-named imcertainty, which is practically 
only a matter of a correction, is the above-mentioned doubt as to the range for 
which the Kp relationship (see page 910) is valid. The temperatures at which 
the equilibrium of the dissociation of the sulfuric acid vapor was studied years 
ago (2) lay between 483®C. and 325®C.;’ the excellent way in which the above 
formula for Kp corresponds to these experiments seems to justify the assumption 

^ The aseotropic boiling point (see page 910) therefore lies within the range for which 
the validity of Kp has been verified experimentally. 
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of its reliability also for a further, lower range of temperature. The extent of 
this range, however, cannot be determined for the time being. On the other 
hand, for highly concentrated sulfuric acid solutions, at temperatures close to 
their boiling points, i.e., in circumstances which command special interest, the 
dissociation constant defined by the above liCp- values can be taken to be at least 
very nearly valid. These iCp-values, therefore, may be included in the follow- 
ing numerical relationships, but it must be borne in mind that the data calcu- 
lated necessarily become less reliable as the temperature is reduced. 

If, by analogy with reference 1, we write, replacing the fugacity of the sulfuric 
acid vapor* by its partial pressure (in millimeters of mercury) : 

log p, = 4, -f It -h /), log r + 4- F.T* -I- aJ*{T) 

we get 

Ar = A + log a; + ^[- 7 + + 250 log t) - (m + 

(S' = 458;,* = ?) 

A = - -1- 5.76» 

- (m' + r'T)r]r fc, 



and when inserting^ the numerical values (the thermal data in calories) : 

A = 23.00 zb 0.04 

* This substitution brings of course a further uncertainty into the calculation of the 
vapor pressures. 

•5.76 - 2 log 760. 

*• See the above remarks regarding the limits of validity. 

^ Worthy of note is the accuracy with which this constant can now be calculated; the 
uncertainty is noW only about 6 per mille as against the previous 16 per cent. The alteration 
of the numerical value of A is largely compensated by opposite changes.— -Taking — A(?^ ** 
176.1 (see table 1), this constant would be 23.3, and from this it can be seen, particularly 
in view of the logarithmic relationship between energy and pressure, that for the problem 
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At = 3.49 + log a\ 


1365 


+ 1.46 c; 


B. = - 65.07 CTt + 6060 


Dt = 


4.58 

(Tt 


1.988 


+ 4.31 


Et = 4.00 X 10"’ 

Ft = -6.37 X 10“’ 


TABLE 3 

Sulfuric acid pressure above pure sulfuric acid 


tCC.) . 1 

260“ 

275® i 

1 

300® 

325® 1 

350® 

(380“) 

(400") 

Sulfuric acid pressure (mm. Ilg) 

(60) 

115 

180 

317 

480 

(760) 

(980) 


AtT = T = 298° we obtain immediately; 

log PV- = 4 - 5 !^-^ - log Kp + log + 2 log 760 (± 0.15) 

= -18.80 - log K% + log o; (± 0.15) « 

Afl 98 (H 2 S() 4 (g)) = + A,G° + B*r log ICp 

= -142.98 + 1.365 log 0.20) Cal.” 

At temperatures within the range for which the validity of Kp has been proved 
experimentally, or at least not far beyond it, the sulfuric acid vapor pressure 
above pure sulfuric acid monohydrate can be calculated from the above formulae 
with the values (v = 100 ): 

log a' = 8.76 
i: = 23,540 (4) 
r = 32.9 (4) 

Affjiou) = —41,520 (see table 1) 

« = 0.037 “ 

as follows (table 3): 

log = 43.04 - - 12.24 log T + 4.00 X 10"’ T 

- 5.37 X 10“’ + 0.0377*(r) 

under discussion the thermodynamic data still need to be determined with even greater 
accuracy than that obtained or obtainable. 

Millimeters of mercury. 

The dissociation constant for 25°C. would be log /vj *■ — 6.74> calculated on the basis 
of the above Kp formula. 

See footnote 5. 
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At about 380®C. the pressure reaches 1 atm.; the boiling point, however, is 
naturally considerably lower, at a temperature where the sulfuric acid partial 
pressure plus the partial pressure of sulfur trioxide — ^which is necessarily very 
high, although ineffective— (plus the almost negligible partial pressure of water) 
arrives at 1 atm.; in the previous paper (1) I went into the consequences of 
this for the stability of pure sulfuric acid at temperatures where the latter 
still exists as a liquid. 


SUMMARY 

As a supplement to the preceding paper (1) relationships and datd are shown 
which are derived from a series of thermodynamic and thermal values Tecently 
published. The results are critically discussed. 
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SOLUBILIZATION OF DIMETHYLAMINOAZOBENZENE IN 
SOLUTIONS OF DETERGENTS. I 


The Effect of Tempehature on the Solubilization and upon 
THE C.'ritical Concentration^ 

I. KOLTHOFF and W. STUICKS 
School of ChemiHirj/j University of Minnesota, Minneapolis H, Minnesota 

Received Novemiter IS, 1947 

*In a preliminary note (14) it has been shown that the critical concentration of 
various detergents is found easily from solubilization data of a water-insolubk* 
dye like dimethylaminoazobenzene by plotting the amount of dye solubilized 
against the concentration of detergent. Graphs are obtained like those repre- 
sented in figures 2 to 14. 

In solubilization experiments with fatt}’’ acid soaps a type of graph is obtained 
as represented in figures 2 to 7. Starting with pure water the solubilization of 
the dye hardly increases Avith increasing concentration of the detergent until a 
‘'critical concentration” is reached, above which the solubilization of the dye 
increases niarkedly and becomes a linear function of the detergent concentration. 
When lines are drawn through the points giving the solubilization at various 
concentrations of the detergent, two straight lines ai-e obtained Avhieh intersect 
at the critical concentration. It is of interest to note that even below the critical 
concentration a slight solubilization is found, indicating the presence of some 
micelles below the critical concentration (v.i.). 

With sc'veral detergents like d(Klecylamine hydrochloride the solubilization of 
the dye above the critical concentration is not found to be a linear function of the 
concentration of .the detergent. As seen in figure 8, a convex curve is found. 
In such instancies the critical concentration is also found graphically by extra- 
polation of the solubilization line. Since the solubilization curve is almost 
straight near the critical concentration, the latter is found with about the same 
accuracy as of detergents of the type represented in figures 2 to 7. 

Solubilization data do not 3 deld only the (‘ritical concentration but they also 
give insight as to the solubilizing power of the micetles of various detergc'iits. B}" 
carrying out the solubilization experiments at various temperatures the variation 
of the critical concentration and of the solubilizing power of the micelles with the 
temperatuie is found. 

In the present paper we present data on the solubilization of dimethylamino- 
azobenzene, de^signated as DMAB, in aqueous solutions of various detergents at 
temperatures of 3()°G. and 50^"’. The dye used has the advantage of having a 
negligibly small solubility in water (less than 1 mg. per liter). Since some con- 

^ This investigation was started under the sponsorship of the Office of Rubber Reserve, 
lieconstruction Finance Corporation, in connection with the Bynthctic Rubber Program 
of the United States Government . 
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elusions drawn from our experimental data are at variance with those reported 
by McBain and coworkers (10, 17) obtained with Orange OT as a solubilized dye, 
several experiments have been made by us using this dye. 

MATERIALS 

Dimethylaminoazobcnzene (DMAB), an Eastman Kodak technical product, 
was recrystalhzed from hot petroleum ether solutions (about 20 g./l.). During 
the crystallization care was taken not to obtain too small sized crystals. The 
recrystallized dye was dried at 80°C. in a vacuum. The crystals were coarse 
enough to pertnit a ready separation of the dye from the detergent solution by 
filtration in the solubilization experiments. 

Orange OT (F. D. and C., Orange No. 2; l-o-tolylazo-2-naphthol), a Calco 
product, was purified according to directions received from Prof. J. W. McBain. 
The amorphous powder was recrystallized from alcohol and dried. The dye was 
found to be virtually insoluble in water at 30°(-\ and 50°('. 

Potassium and sodium laurates: Solutions of these soaps wo-e prepared by 
neutralization of Eastman Kodak white label lauric acid with standardized potas- 
sium hydroxide and sodium hydroxide solutions, respectively. The potassium 
and sodium hydroxides were Baker c.p. products. Solutions which were 1 iV in 
alkali hydroxide were heated on the steam bath with the equivalent amoimt of 
lauric acid until the acid had dissolved. The stock solutions were 0.75 M (moles 
per liter) in potassium laurate and 0.375 M in sodium laurate, respectively. The 
more dilute solutions were obtained by proper dilution of the stock solutions. 

Potassium and sodium cuprates, potassium and sodium oleales, potassium stearate, 
palmitate, and myristate: Solutions of these soaps were prepared in the same way 
as given for the laurates. The fatty acids used were also Eastman Kodak white 
label products. A sample of pure oleic acid was obtained from Dr. W. (\ Ault 
of the Eastern Regional Laboratories. 

Dodecylamine hydrochloride: This detergent was prepared by neutralization of 
free dodecylamine (Armour product) dissolved in absolute ethanol Avith concen- 
trated hydrochloric acid. After cooling to 0°('. the Avhite mass of dodecylamine 
hydrochloride was filtered and finally purified by recrystallization from alcohol, 
Avashing with ether, and drying in a vacuum at 30°C. A 0.5 molar stock solution 
Avas prepared and the more dilute solutions Avere obtained by proper dilution. 

Potassium dehydroahietate: A solution of this detergent Avas prepared by heating 
dehydroabietic acid (molecular weight = 301, 96.9 per cent pure, a product 
obtained from Prof. C. S. Marvel of the University of Illinois, 111. No. 39) with 
the equivalent amount of sodium hydroxide solution on the steam bath. 

Sodium di-sec-butyl naphthalenesulfonate: A commercial product obtained from 
the General Aniline and Film Corporation designated as SA-178. Molecular 
weight, 342. A 0.2 M solution Avas made up as stock solution. The 0.2 M solu- 
tion remained clear at 60°C.; on standing at room temperature, it became turbid. 

Diamyl sodium sulfosucdncde: Aerosol AY (molecular weight = 360), a prod- 
uct of the American Cyanamid and Chemical Corporation. Upon diying the 
material to constant weight at 30°C. in a vacuum it appeared to contain 7.8 per 
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cent water. A 0.92 M stock solution was prepared by dissolving 90 g. of the 
compound in 250 ml. of distilled water. 

Sodium rosinaie: A solution of this detergent was prepared by neutralizing a 
weighed amount of a Hercules 45-985 Rosin 731 (dehydrogenated rosin) with a 
standard sodium hydroxide solution. The equivalent weight of the rosin acid 
was found to be 340 by titration of an alcoholic solution with standard base. Af ter 
the supply was exhausted another batch of Rosin 731 (Xo. 45-979) was used, the 
equivalent weight of which was found to be 325. Aft(T one recrystallization of 
this product from absolute alcohol a white product with an ecpjivalent weight of 
310 was obtained. The stock solutions wore about 0.3 M and remained clear at 
room temperature. 

Daxcui 11: A product obtained from Dewey and Alrny Chemical Co. It is 
reported to be a mixture of sodium sulfate and sodium salts of polymerized 
naphthalenesulfonic acids. The stock solution contained 200 g./l. 

Triton R-lOO: A detergent of Rohm and Haas, sample No. 215, reported to be 
the neutral sodium salt of a complex condensed organic acid. Th(‘ stock solution 
contained 200 g. of d(‘tergcn1 per liter. 

TK('HMQT’K AND EXPERIMENTAL METHODS 

Known volumes of solutions of varying concentrations of detergents were made 
up by proper dilution of the stock solutions of the d(*tergents. The samples were 
placed in glass bottles s(*aled with metallic or plastic (*aps, lined with Buna-X or 
KoroseaJ. Sufficient dye w as added to provid(‘ an excess of solid dye after attain- 
ment of solubilization e(piilibrium. The bottles containing the samples were 
rotated at 3()°(\ and 5()T\ in thermostats kept constant within 0.1°C. It proved 
to be convenient to us<‘ only lO-rnl. samples of detergent solutions, although orig- 
inally most of the work was (tarried out with 50-ml. samples. The solubilization 
data Aven* found to be indi'pendent of the volume of detergent solution used. 

The tirni* of attainment of solubilization equilibrium under the conditions of 
rotation depends on the kind and concentration of the divergent and also to some 
extent on the size and excess of the dye crystals. It was generally found that 
most detergent solutions required from 1 to 2 w^eks to attain equilibrium. In 
most of the work the rotation was continued until upon further rotation the 
solubilization appeared to have become constant. In most of our experiments 
equilibriiun was attained from the side of undersaturated solutions. However, 
some experiments were also carried out with supersaturated solutions in order to 
assure that the solubilization data found correspond to equilibrium values. 

After a given period of rotation the bottles were placed in an upright position 
in the thermostat imtil the excess of dye had settled. This took from 3 to 5 hr. 
for dimethylaminoazobenzene, but from 12 to 24 hr. for Orange OT. Either a 
5- or a 1-ml. portion of the clear colored detergent solutions was wdthdrawm and 
filtered with the aid of a pipet provided with a piece of rubber tubing about 2 in. 
long which contained a plug of glass wool as filter material. The samples so 
obtained were properly diluted in volumetric flasks with pure ethanol or 1:1 
ethanol-water mixtures. After final dilution the extinction given by the dis- 
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TABLE 1 

Wave lengths of maximum absorption by DMAB in ethanol-^water mixtures 
The concentration of BMAB is the same in all the solutions; slit width, 0.1 mm. 


Volume per cent H 2 O i 

0 

10 

20 

50 

80 

Wave length of maximum absorption, min. 

406 

410 1 

413 

419 1 

450 


TABLE 2 

Extinction of DMAB in pure ethanol and eihanol-waier mixtures 


DMAB in pure ethanol at 406 ni/u; 1 -cm. cell ; 
slit width * 0.1 mm. 

DMAB in ethanol-water (1:1 by volume) 
at 419 him; 1-cm. cell; slit width » 0.12mm. 

concenteahon (c) 
OF DMAB 

EXTINCTION E 

Ejc 

CONCENTRATION (c) 
OF DMAB 

EXTINCTION £ 

E/C 

mg./L 

10.0 

5.0 

2.5 

1.27 

0.637 
0.317 I 

0.1270 

0.1274 

0.1268 

mg./l. 

10.09 

5.045 
2.522 1 

1.09 

0.546 
0.272 i 

0.1080 

0.1082 

0.1078 



Fig. 1 . Calibration curves of DMAB and Orange OT. Curve 1 : DMAB in pure ethanol, 
406 iWM, Blit « 0.1 mm., 1-cm. cell. Curve II: DMAB in alcohol-water (1:1 by volume), 
410 m/i, slit « 0.12 mm., 1-cm. cell. Curve III; Orange OT in alcohol-water (1:1 by 
volume), 407 m/u, slit » 0.09 mm., 1-cm. cell. 
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TABLE 3 

Extinction of Orange OT in alcohol-water mixture (1:1 by volume) 
1-cm. cell; wave length « 497 ni/u; slit width = 0,09 mm. 


r0VCENTEATU»N (c) OF OBANGE OT | 

EXTINCTION E 


FXTINTTtON COEKFK lENl E C 

mg./l. j 

10,0 j 

5.0 I 

2.5 J _ 

0.7G1 

0.381 

0.191 

1 

i 

0.0761 

0.0762 

0.0764 


TABLE 4 




Solubilization of DMAB in sodium and potassiurn laurate solutions at 30°C. and 50^0 . 


DMAB SCJLUB1LI7EI> PEE LITKE OK So VP SOLLTION AT 


rONCENTEATIO.S ot 
SOAP 

M)°C. 

50“t 



Sodium laurate 

Potassium laurate i 

Sodium laurate I 

Potassium laurate 

moles ihtrr 

mtl 

mg 

i 

mg 

mil 

0.75 


981 

' 

1378 

0 . 375 

509 

498 ; 

803 ; 

797 

0.1875 

242 

249 

398 i 

393 

0.0038 

108 

105 

171 

168 

0.0469 

33 1 

31.8 

oo *> 

55.0 

0.0235 

3.:io 

1.40 

3 39 

2.40 

0.0118 

2.54 

1.19 

3.05 

2,04 

0.0050 

1 05 


2.10 




TABLE 5 



Solubilization if Oiangc OT in sodium lanralc 

at S(fC. and in potassium 


laiiiate at nml 5(fC. 


SODICM L^URATI' AT30'’C'. 


1M>T\SSILM L VI RATE 


Concentration of 
^ap 

Dye per liter ol 
soap solution 

Concentration of , 
soap 

Dye per liter iif soap 
.solution at 1 

Dye per liter of soap 
solution at .‘iO’C. 

moles ihttr 

mg. 

moles/luer 

tng 

mg 



0.749 

945 

1379 



0.562 

722 

1000 

0.281 

342 

0.374 

462 1 

637 

0.1875 

212 7 

0.187 

216.5 1 

291 .3 

0 0938 

88.0 

0.0936 

01.9 1 

120.8 

0.0468 

27.25 

0.046S 

31.5 ' 

36,7 

0.0235 

3.02 

0.0234 

3.02 

2.95 

0.0118 

0.815 

0.0117 

2.62 ; 

2.49 

0.0059 

0.682 

0.0067 1 

2.23 1 

1.81 


solved dye was measured in 1-cm. cells in the Beckman s{ 3 ectrophotonieter. After 
haying placed the cells into the apparatus it was necessary t(^ wait for about 5~10 
min. in order to let the solutions attain a constant temperature. It is important 
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to measure the extinctions in all the cells at the same temperature. We were led 
to this conclusion by the fact that the extinction values of the solutidns in the cell 
farthest away from the spectrophotometer lamp usually increased by about 10 



Fig. 2. Solubilization of DMAB in sodium and potassium laurate solutions at 30°C 
and 60°C. Curve I : sodium and potassium laurates at 30®C. Curve II ; sodium and potas- 
sium lauratcs at 50®C. 



Fig. 3. Solubilization of DMAB in sodium and potassium laurate solutions at 30“C 
and 50°C. Curve I : sodium and potassium laurates at 30°C. Curve II ; sodium and potas- 
sium laurates at S0°C. 

per cent within the first 5-10 min. after the first reading. After this time the 
values remained constant. In one instance it was found that the extinction of a 
dye solution in pure ethanol in the cell farthest away from the lamp was 0.300 
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Fig. 4. Solubilization of Orange OT and DMAB in sodium and potassium laurate solu- 
tions at 30°C. and 5()°(\ (’urvc 1: Orange OT in laurate at 30®C. Curve II: DMAB in 
laurate at 3()®C. ('urve III : Orange OT in laurate at 50®C. Curve IV: DMAB in laurate 
at 50®C\ 

TABLE 6 


Solubilization of DMAB %n potassiurn and sodium capraies at S0°C, and 5(fC. 


POTASSlU&f CAPBATl. 

SODIUM CAPRATE* 

Concentration of 

DMAB solubilized per liter of soap 
solution 

Concentration of 

DMAB solubilized per liter of soap 
solution 


At 

At SOX. 


At SOX. 

At SOX. 

moles/liter 

mg. 

mg. 

moies/liler 

mg. 

mg. 

0.75 

412 

736 

0.20 

63.2 

149 

0.563 

3(K) 

542 

0.18 

48.5 

124 

0.376 

185 

328 

0.16 

36.2 

87.0 

0.281 

119 

219 

0.14 

22.9 


0.187 

57.4 

106 

0.12 

! 

29.0 

0.140 ; 

25.4 

49.3 

0.10 

3.4 j 

10.0 

0.0938 : 

1.48 

6.76 

0.04 

1.1 i 

3.9 

0.0469 1 

j 

2,04 1 

* 3.63 1 

I 


1 

I 


0.0118 

1.06 1 

1.65 i 


1 

1 


0.0059 

0.852 i 

i 

1.52 j 


' j 



* P^xperiments reported in J. Phys. Chem. 60, 440 (1946). 


immediately after the cell with the solution had l>een placed into the cell com- 
partment of the spectrophotometer. After 8 min. the extinction was 0.330, after 
10 min. 0.331, and after 20 min. 0.332, after which time it remained constant for 




922 


1. M. KOLTHOFF AK© W. STMCKS 


several hours. The same solution was now put nearest to the spectrophotometer 
lamp. Now the first reading was 0.321, after 4 min. 0.325, and after 6 min. 
0.331, and then it remained constant. The effect of temperature on the extinc- 
tion of DMAB is more pronounced in pure ethanol solutions than in 1: 1 ethanol- 
water mixtures. Therefore it is preferable to use the latter whenever possible. 

The spectrum of DM.iiB in ethanol-water mixtures was found to be different 
from the spectrum in pure ethanol. The wave lengths of maximum aljsorption 
of DMAB in various ethanol-water mixtures are given in table 1 . 

The extinction of solutions of known concentrations of DMAB in pure ethanol 



Fia. 5. SoluliiliziUioii of DMAB in potaHHium ami aotlium caprale solutions at 30°C. 
and 50“C. Curve I: potassium ami sodium eaprates at 30°C. Curve II: pota8.sium and 
sodium eaprates at 50°C. 

as well as in an ethanol-watt'r mixture (1:1 by A'oliime) was determinetl at the 
wave length of maximum absorption. The data are given in table 2. 

The extinction of Orange OT was measurttd in the alcohol-water mixtun' (1:1 
by volume) as a solvent. The wave length of maximum absorption was found 
to be 497 mp with a slit width of 0.09 mm. in a 1-cm. cell. 

Beer’s law was found to bo obeyed by solutions of DMAB and Orange OT at 
the wave lengths of maximum absorption. 

The extinction data of the two dyes are represented in figure 1. Under the 
experimental conditions the extinction of the dyes was not affect'd by the pres- 
ence of the detergents. Several mea.surements were made at different dilutions 
of the same sample of the filtered solution saturated with dye in pure ethanol 
and in ethanol-water mixture (1 : 1 by volume). The results agreed to within 1 
p«* cent. 
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It was found to be convenient to represent the experimental data on graphs 
in which the amount of dye solubilized is plotted against the concentration of the 
detergent. 

In a few instances the experimental data of one set of experiments were repro- 
duced in two graphs, one on a smaller concentration scale to show the change of 

TABLE 7 


Solubilizaiion of DMAB in solutions of sodium and potassium oleales^ potassium 
stearate y palrnitatey and myrislate 




DMAB SOLUBILIZED PEE LITEE OF 

SOAP SOLUTION 



CONOENTEA- 
TIOK OF SOAP 

Sodium oleEte i 
at SOT.* 1 
(Cl8) 1 

Potassium oleate 

Ai SOX*. i At 30“C. 
'Ci») I (Cl.) 

{ Potassium ' 

' stearate at j 
; 50“C • 

‘ ^Ci,) 

Potassium j 
palmitate at ^ 
SOU.* ! 
^Ci.) , 

Potassium 

At sox:. 
(Cu) 

myristaie 

At .W*C 
(CiO 

ntoles/ltter 

! 

mg 

mg. 

j mg 

mg. i 

mg 

mg 

0.25 




\ 

1 


637 

0.15 


SI5 

478 


j 



0.125 




, 

i 

494 

320 

0.10 

575 



, 78*2 

582 I 

375^ 


0.090 



291.5 





0 080 

450 





306* 


0.075 

' 

lib 


i 582 

443 



0.060 

335 


189 

i 


224 

152 

0.050 




375 

.302 



0.045 



146 



! 


0.040 

241 



1 


142* 


o.oao 


162 5 

09.1 

j 


90.3 

i 69.0 

0.025 




193 1 

154 



0.020 

115 



1 


61.0* 


0.015 


SI. 5 

48. 6 



25.0 

22.9 

0.010 

60.8 



\ 




0.009 


U.O 

29.2 





0.0075 



1 

1 


1 85 

3 52 

0.(X)6 



•20.2 

1 




0.005 




1 

I 


( 15.82 » 1 

0.65 

0.004 

35. 



i 




o.ooa 


7 . S7 

9 07 

! 


(7.9(L 

0 9*25 

0 0015 : 


3 I 

1.5 

I 


(17 1) ' 

(7.68) 

0.0006 


(29,1 ) 

(5.3) 

J 




o.oooa i 


3.2 

1.3 

1 





* Kxi)erinients reported in J. Phys. Chem 60, 440 (1946). 


solubilization at higher concentrations of the dettTgent, and one on a larger con- 
centration scale to find the critical concentration. 

EXPERIMENTAL RESULTS 

Sodium and potassium lauraies 

In a preliminary note (14) the solubilization of DMAB was given in sodium 
laurat>e solutions up to a concentration of 0.1 Af at temperatures of 40°C. and 
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Fio. 6. SolubilizatioTi of DMAB in fatty acid soap solutions at 3()°(’. Curve I : potas- 
sium capratp. Curve II; potassium laurate. Curve 111: jxttassium myristate. (hirve 
IV: potassium oleate. 



Fig. 7. Solubilization of DMAB in fatty acid soap solutions at 50°C. Curve I: po- 
tassium eaprate. Curve 11: potassium laurate. Curve III: potassium myristate. Curve 
IV; potassium oleate. Curve V: potassium pahnitate. Curve VI: potassium stearate. 
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50°C. In the present work the measurements have been extended to a concen- 
tration of 0.375 M at temperatures of 30°C. and 50°(^. Data are also presented 
on the solubilization of DMAS in potassium laurate solutions. Solubilization 
data are also given of Orange OT. The results are given in tables 4 and 5. The 
data of tables 4 and 5 are represented gi’aphically in figures 2, 3, and 4. 


TABLE 8 

Solubilization of DMAB in dodecylamine hydrochloride solutions at SO^C. and SO'^C, 


concentratkjn of soaf 

DMAB SOLUBILIZED PER LITFR OF SOAP SOLUTION 


At ao^c. 

At 50*C. 

moUsIliter 

mg. 1 

1 mg 

().5()5 

1848 

2357 

0.379 

1272 1 

1658 

0 2525 1 

757 

! 949 

0 126 

293 

406 

0.0631 

• 118 

' 167 

0.0316 

! 41.2 

1 59.7 

0.0157 

6.95 

: 5.65 

0 00787 1 

0.832 

1.90 

0 (K)393 1 

0 555 



I 



Fkj. 8. SoIul)ilization uf DMAB in dodcrylamine hydrochloride solutions at 30‘"C. 
and5()°(\ Curve I: at 30°(\ Curve II: at 60°(^ 

Because' of the lower solubility of sodium laurate, the highest concentration 
investigated for this soap was 0.375 M, 

Sodium and potassium caprales 

The results are givt'ii in table 6 and represented graphically in figure 5. 
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Fig. 9. Solubilization of DMAB in dodecylamine hydrochloride solutions at 30®C. and 
oO®C. Curve I: at 30®C. Curve II: at 50®C. 


TABLE 9 


SolnhiUzaiion of DMAB in sodium di-sec-butyl naphihalenesulfonale 
(SA-J78) at SO^C. and 60%\ 


concentration or detergent 

DMAB SOLUBILIZED PEI LITER OF DETERGENT SOLUTION 

At 30*C. I 

AtSO’C. 

moles/lUer 

mg. 1 

wg- 

0.2 

1 j 

900 

0,125 

276 1 

487 

0.1 

211 1 

313 

0.0625 

114 j 

194 

0.05 I 

, i 

140 

0.0318 

' 42 i 

71 

0.025 1 

31 

50 

0.0125 ’ 

11 

18 


TABLE 10 

Solubilization of DMAB in diamyl sodium sulfosucc inale (Aerosol AY) at SO'H, and S0''C\ 


DMAB SOLUBILIZED PER LITER OF DETERGENT SOLUTION 


CONCENTRATION OF DETERGENT 



At30“C. 1 

At SOT. 

fnales/liier 

mg. j 

mg. 

0.92 1 

1936 

3470 

0.645 

1236 i 

2045 

0.46 

742 

1200 

0.323 

435 ! 

739 

0.23 ! 

185 1 

1 288 

0.161 1 

1 84 

191 

0.115 i 

23,4 

1 36.8 

0.058 1 

: 1 

1 6.18 

0.029 1 

I 

1 

1.94 
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Potamum myristate, palmitate^ oleate, and stearate 

Experiments were carried out with potassium myristate at temperatures of 
30°C. and 50®C., and at 50X^ only with potassium palmitate and stearate. 

TABLE 11 


Solubih 

zaUon of ])MAB in Daxad 11 at 

and 5frC. 

CONCENTRATION OF DAXAD 11 

DMAB SOLUBILI/LD PF.R 

« 

Lin R OF DETERGENT SOLUTION 


M 30“C. 

At S0®C. 

gramslhltr 

»»g. 

mg. 

2(X1 

! 86H 

1148 

1,50 

j 500 

H28 

100 

j 354 

; 545 

75 

i 262 

392 

50 

164 

: 265 

25 

84 

138 

12.5 

! 44 

73 

6.25 

1 27 

36 

:li;i 

i 15.6 

21 

1 .5 

1 S 9 

1 

0 75 

; 5.9 

10 

0.38 

4 5 

4.3 


»Sinro ilu* m<)l(‘ouljir weight of Da\ad 11 ami also its purity are unknown, the concentra- 
tion is given in gniins per liter. The same expression is used for Triton R-lOO in tahlejl2 


TABLE 12 

Solubilization of l)MAB in Triton H-WO at S0°C. and SO'^C. 


' 1 
C< ) NCLNTR.\TION n j i R 1 1 0 \ R • 1 00’* 


DMAB SOLUBILIZED PER LITER 

At 30“C. * 

OF DETERCFNT SOLUTION 

At50"C. 

grams liter 1 


mg. 

mg. 

2(K) 


1534 

1703 

KM) 


645 

740 

50 


270 

335 

25 


KK) 

1.52 

12 5 


6S ; 

81 

6 25 


36 

43 

3.125 



24 

1.563 


16 5 

17.9 

0.781 ' 


115 ‘ 

12.1 


* The extinctions of Paxad 11 and Triton R-ltX) solutions containing no solubilized dye 
were nieasuretl to correct for the color of the detergents themselves. 


Palmitate and stearate could not be used at SOW because of their low s()Iuhilit.y. 
Experiments with sodium and potassium oleates were carried out at 50°(k and 
with potassium oleate also at 30°C. The lusults are given in table 7 and figures 
6 and 7. These figures also give the data for lauratc and caprate. 
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Fig. 10. Solubilization of DMAB in solutions of Aerosol AY and SA-178 at 30®C. and 
50**C. Curve I: Aerosol AT at 30X\ Curve II: Aerosol AY at 50°C. Curve III; SA-ITS 
at 30®C. Curve IV : SA.178 at 50^C, 



Fig. 11. Solubilization of DMAB in solutions of Daxad 11 at 30°C. and 50®C. Curve I: 
at 30®C. Curve II: at 50®C\ 


Dodeqflamine hydrochloride 

Solubilization experiments with dodecylamine hydrochloride as a typical 
cationic detergent were carried out at 30°C. and 50°C. Table 8 and figures 8 
and 9 give the experimental data. 
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Fig. 12. Scilubilization of DMAB in solutions of Triton R-lOO at 30®C. and 60®C. Curve 
1: at 30®(\ (\nve TI: at 


TABLE 13 

Solubilization of DMAB in potassium dehydroabietate at 50°C. 


CONCENTRATION OF DETERGENT 

DMAB SOLUBILIZED PER LITER OP DETERGENT SOLUTION 

tnoles/hter 


0.2 

1 448 

0.1 ; 

128 

0.05 1 

31 

0.025 ’ 

3.5 

0.0125 

0.00 

TABLE U 

Solubilization of DMAB in sodium rosinate No, 4-6-98$ {Hosin 7S1) at 30°C, and 60°C. 


CONCENTRATION OF DETERGENT 

DMAB .SOLUBILIZED PER LITER OF DETERGENT SOLUTION 

At 30"C. 

At SOT. 

moUs/liter 

mg. 

mg. 

0.294 

764 

1890 

0.147 

347 

874 

0.074 

152 

322 

0.037 

77 

141 

0.019 

37 

73 

0.009 

17 

31 


Commercial detergents 

The solubilization in solutions of a few technical detergents is shown in tables 
9, 10, 11, 12 and in figures 10, 11, 12. 
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Dehydroabietate and rosinate 

Solubilization experiments were carried out with potassium dehydroabietate 
and sodium rosinate solutions. It is of interest to compare the behavior of these 
two substances, since dehydroabietic acid is the main constituent of dehydro- 
genated rosin. Tables 13 and 14 give the solubilization data. 



Pig. 13. Solubilization of DMAB in sodiuni rosinate solutions at 30°(;. and SO^Ct. and 
in potassium dehydroabietate solutions at 50°C. Curve 1: potassium dehydroabietate 
at 50°C. Curve II: sodium rosinate (Xo. 45-985) at .30°C. Curve III; sodium rosinate 
(No. 45-979) at 50°C. Curve IV: sodium rosinate (No, 45-985) at 50°C. 

It was found that the extinction of the diluted rosin soap solutions which did 
not contain dye was negligible. The data in tables 13 and 14 are represented in 
figure 13. In figure 13 a few data are given on the solubilization of DMAB in 
sodium rosinate solutions prepared from a different sample of Hercules Rosin 
731 , the batch number of which was 45-979. 

DISCUSSION 

1 . Critical concentration 

The critical concentration of various detergents as found from the solubilization 
graphs is given in table 15 and compared with values found by other methods 
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TABLE 15 
Critical concentrations 


DETEItOENT 

TEUPEll' 

ATUEE 

CRITICAL 

CONCENTRATION 

METHOD OF 

DETERMINATION 


X'. 

moles/Uler 


Sodium caprate 

30 

0.106 

Solubilization with DMAB 


20 

0.097 

Hydrolysis (8) 


20 

0.09W).10 

Conductivity (9) 


20 

0.124 

Viscosity (12) 


25 

0.10 

Na^ activity (membrane electrode) 




(2) 


50 

0.105 

Solubilization with DMAB 

Potassium caprate 

30 

0.106 

1 Solubilization with DMAB 


50 

0.105 

i Solubilization with DMAB 


25.8 

0.095 

1 Spectral dye method (11) 



0.100 

Spectral dye method (24) 

Sodium laurate 

30 

0.0255 

Solubilization with DMAB 

30 

0.0253 

Solubilization with Orange OT 


50 

0 0255 

j Solubilization with DMAB 


17-70; 0.028 

Conductivity (9) 


20 

0 096 

Viscosity (12) 


25 

0.02 

; Na”* activity (membrane electrode) 




(2) 


60 

0.026 

pH measurement (23) 

PotaRsium laurate 

30 

0.0235 

> Solubilization with DM.\B 


30 

0.0235 

1 Solubilization with Orange OT 


50 

0.0245 

Solubilization with DMAB 


50 

0 02S5 

Solubilization with Orange OT 

* 30 

0.022 

Laurate-ion activity (k.m.k.) (15) 

2()±:2 

0.0231, 0.0235, 

Spectral dye method (3. 1, 5, 24) 

I 

0 0230 


. 25 S 

0.024 

! Spectral dye method (11) 

: 25 

0 0215-0.0235 

Spectral dye method (13) 

' 35 

0.0205-0.0220 

j Spectral dye method (13) 

; 45 

0.02(XVO 0215 

, Spectral dye methojd (13) 

i 55 

0.0200-0.0215 

j Spectral <l\'e method (13) 

: 25 

0.0255 

Interferometric method (13) 

135 

0.0270 

Interferometric method (13) 

! 45 

0 0305 

Interferometric method (13) 


55 

0.0350 

Interferometric method (13) 


25 

0.0380 

Density (1) 

J^otasRium niyristate . . 

30 

0.0070 

I 

Solubilization with DMAB 


50 

0.0072 

1 Solubilization with DMAB 


25.8 

0.006 

Spectral dye method (11) 



0.0059 

Spectral dye method (24) 


25 

0.0060-0.0067 

Spectral dye method (13) 


35 

0.0054-0.0060 

Spectral dye method (13) 
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TABLE 15--Coniiniied 



XEUPES< 

CXITICAL 

METHOD OT 


ATtTRE 

CONCENTRATION 

DETBXMXNATXON 


“C. 

moles/liter 



45 

0.0053-0.0057 

Spectral dye method (13) 


55 

0.0053-0.0057 

Spectral dye method (13) 


25 

0.0066 

Interferometric method (13) 


35 

0.0070 

Interferometric method (13) 


45 

0.0074 

Interferometric method (13) 


55 

0.0079 

Interferometric method (13) 


25 

0.003 

Cation activity (membrane elec- 




trode) (2) 

Sodium myristate 

17-80 

0.007 

Conductivity (9) 


60 

0.01 

j pH measurement (23) 

Potassium i)almitate 

50 

<0.001 

1 Solubilizalioii with DMAB 

1 

Sodium palmitate 

52-67 

0.0032 

i 

* Conductivity (9) 


60 

0.003 

; pH measurement (23) 

Potassium stearate 

50 

<0.001 

1 Solubilization with DMAB 

Sodium stearate 

60 

0.0008 

pH ni(‘asurement (23) 

Potassium oleate 

30 

0.0006 i 

Solubilization with DMAB 


50 

0.0011 : 

Solubilization Avith DMAB 


25 

0.0007-0.0012 

1 

Spectral dye method (11) 

Sodium oleate 

50 

<0.001 i 

Solubilization witli DMAB 


25 

<0.001 ! 

Na"^ activity (2) 


20 

0.23 ! 

Viscosity (12) 

Dodecylamiue hydrochlo- 


1 

i 


ride . 

30 

0.0134 i 

Solubdizalion with DMAB 


50 

0.0134 

Solubilization wdth DMAB 


30 

0.0131,0.0129 j 

Cfuiductivity (20, 21) 


50 

0.0132 * 

Conductivity (20) 


26db2 

1 

0.0124, 0.0127 ' 
0.0130,0 0131, j 
0.0136 j 

Spectral dye method (3, 4, 5, 11) 

Sodium di-sec-butyl iiaph- 


i 


‘thalenesulfonate (SA-/ 
178) J 

30 

<0.01 

Solubilization with DMAB 

50 

<0.01 

Solubilization with DMAB 

Diamyl sodium sulfosuc-/ 
cinate (Aerosol AY)..,< 

30 

50 

0.095±0.01 

0.095db0,01 

Solubilization with DMAB 
Solubilization with DMAB 

Daxad 11 

30 

<1 g. per liter 

Solubilization with DMAB 


50 

<1 g. per liter 

Solubilization with DMAB 
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TABLE 15 — Concluded 

DETERGENT 

TEMPER- 
' ATURE 

1 ' ! 

CRITICAL 

CONCENTRATION 

1 METHOD OP 

j DETERMINATION 


i j 

moles/hter 


Triton R-UX) 

. ! 30 

<1 g. per liter 

1 ^ 

j Solubilization with DMAB 


j 50 

' <1 g. per liter 

1 

' Solubilization with DMAB 

1 

Potassium dohy(iroai)ic- 




tato 

: 50 

i 0.025-0.030 

i Solubilization with DMAB 


; 25 8 

0 025-4) 032 

Spectral dye method (6) 

Sodium roKinaie (Hcrcu- 
lo8 8am|)lo No. 45-985 ) 

1: 30 

1 50 

■ <0 01 
<0 01 

Solubilization \Nith DMAB 
Solubilization with DMAB 

Sodium rosinatc Hlorcu- 


[ 


I(*s sample No.45-079j 

: 50 

: <0.01 

Solubilization with DMAB 


described in the literaturt‘. From table 15 it is seen that most of th(‘ values 
detcTmined by the solul)ilization method agree well with those found by other 
methods. In a few instances it was not possible to find an accurate value of the* 
(critical concentration by means of solubilization experiments. When the ci*itical 
concentration was found to be ecjual to or smaller than 0.001 M it could only be 
stated to be of that order. With some technical detergents an accurate value of 
the critical concentration could not be given because of the presence of impurities. 

Not included in labU' 15 are values of the critical concentration based upon 
turbidity measurements. Ih'ferring to qualitative observations on the turbidity 
of soap solutions by Aliilha* von Blumencron (19) and Lascaray (10), Ekwall (7) 
determined (luantitatively the change of the turbidity with coiu^entration in 
solutions of sodium stearate, palmitate, myristate, lauraU', and oleate. Two 
distinct maxima of turbidity were observed, the first maximum occurring in all 
soap solutions at very small concentz'ations. This turbidity is attributed by 
Ekwall to suspended fatty acid formed by hydrolysis. Upon increase of the 
concentration the turbidity decreases as a result of the formation of acid soap, — 
NaFa-HFa (Fa denoting fatty acid radical). The acid soap being more soluble, 
all the soap solutions are practically clear in a certain concentration range. AVhen 
the concentration is further increastnl, solutions become turbid as a result of the 
separation of acid soap which is kept in colloidal solution. A second maximum 
in the turbidity is observed at a certain concentration. The concetitrations found 
by Ekwall at which the maxima appear are listed in table 16. 

It is interesting to note that the first maximum appears at a concentration 
considerably below the critical one. On the other hand, the (*on cent rati on at 
which the second maximum appears seems to correspond to the critical concen- 
tration. The agreement is especially good with myristate and laurate. (,)n the 
basis of our present Imowledge of soap solutions, the appearance of the secoml 
maximum of turbidity at the critical concentration is easily understood. The 
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iDSoluble acid soap is being solubilised in the micelles above the critical concen- 
tration when the soap solution becomes clear. It may be added that Stauff (23) 
showed by analysis that the insoluble substance at the first maximum turbidity 
is fatty acid and that at the second maximum is acid soap. 

We found that the phenomena described by Ekwall are readily observed in 
solubilization experiments with DMAS visually with a naked eye. As a matter 
of fact, some o tl' v dye is held tenaciously in colloidal solution at the concentration 
of maximum turbidity. This is the reason why solubilization data found for 
myristate and oleate at or slightly below the critical concentration are high and 
should be discarded. 


TABLE 16 

Concentration of maximum turbidities (moles per liter) for 
fatty acid soaps as found by Ekwall 


teicpesatuke] 

FOtST MAXXICUIC 

SOAP 

SECOND MAXIMUM 

"C. 


Sodium oleale 


20-50 

0.00070-0.00076 

Sodium stearate 

0.002-0.003 

65 

0.00019 



67 

0.00020 i 


0.0044-0.0068 

20-50 

0.0002 

Sodium palmitate 

1 

58 


Sodium mvristatc 

1 0.003 

20-80 

0 0009-0 0012 

1 


43 



0.007 

48-80 


Sodium laurate 

0.007 

1 

13.5 

0.0063 


! 0.027 

18-40 

0.0063 


0.023 


Returning to the data of table 15 it may be concluded that within relatively 
wide limits the critical concentration is hardly affected by the temperature. For 
example, the critical concentrations of potassium caprate and myristate were 
found to be 0.106 M and 0.0070 M at 30°C. and 0.105 M and 0.0072 M at SO^C., 
respectively. The relatively large increase of the critical concentrations of 
potassium laurate and rnyfistate with an increase of the temperature between 
25°C. and 55°C'., as found by Klevens (13) in his interferometric measurements, 
is not found in solubilization experiments with DMAB. 

From table 15 it is seen that the critical concentration of fatty acid soaps 
decreases rapidly with increasing number of carbon atoms in the fatty acid. The 
critical concentration is 0.105 M for Cio, 0.025 M for Cu, 0.007 M for Cu, and of 
the order of or smaller than 0.001 M for Cw and (li». 

By applying an equation derived by Schultz (22) on the solubility of compounds 
of high molecular weight Stauff (23) showed and confirmed experimentally that 
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the plot of the logarithm of the critical concentration verms the number of carbon 
atoms in fatty acid soaps with an even number of carbon atoms yields a straight 
line. Our data for soaps ))etween Oio and Cif, when plotted in this way also lie 
on a straight line. 

The critical con c(‘ntrat ions of sodium and potassium laurates (DMAB and 
Orange OT) were lound to Ixi tlie same within the experimental error. 

In figure 14 we have plotted AIcBain’s data obtained with Orange OT and our 
own data with the same dye. The agi’eemcnt between the measurements in both 
laboratories is poor. From McHain’s data it, is derived that the critical concen- 



K[<;. 14 SoJuhilizjitioii of Oraiigc OT in potas.siuni and sodjtnn luuralo suliitions at 25'^, 
30°, and 5()''(\ C’urve 1. j)(>lii.sHiuui laurati* al 5()T’. (McBain’s rurvcM ('uivo 1]. jiutas- 
siuin lauruUi at 50'’(\ (our data), ('urvolll potassium laurate at ’ (McHain’s curvo) 
Curve 1\ , M)diuiii laurato at 2.*>'C. (McHain’s cufvr*'. ('ur\(‘ V. potassnun and sodiiin) 
laurates at 30°C. (our data). 


traiion of potassium laurat*^ at, i.s O.OJ J/, wliile it is 0.028 M at 25''C\ and 
0.0195 M for sodium laurate at 25W On the other hand, we found a (Critical 
concentration of 0.025 4/ for both sodium and potassium laurate at temperatures 
between 30°(\ and 50°(\ 

From ^^cBain^s data a (a*itieal concentration as found by extrajxdalion at 
25®(\ for sodium capratt' is 0,07 JI, whereas we found a valiu' of 0.105 Ixd ween 
^{)%\ and 50W for both sodium and potassium caprates (DAIAB). 

StKiium and potassium oleates also have the same critical conccuitration 
(0.0011 >1/}, as found by our measurements with DAIAli at 50°C. 

It is of interest to note that the critical concentration of sodium laurat^‘ is 0.025 
A/, while that of laurylaminc hydrochloride is about, half this valiu' (0.013 4/). 




936 


I. M. KOLTHOFF.AND W. STKICKS 


The two detergents are also quite different in regard to the solubilizing power of 
their micelles (v.i*). 

It is not possible to determine the critical concentration of Aerosol AY accu- 
rately from solubilization data, since the solubilization line is fairly strongly 
curved near the critical concentration. By extrapolation it is concluded that the 
critical concentration is 0.095 M ±: 0.01. 

Although dehydroabietic acid is the main constituent of dehydrogenated rosin 
(Hercules Powder Company), it is seen from figure 13 that the critical concen- 
tration of commercial sodium rosinate is considerably smaller than that of dehy- 
droabietate (see also table 16). 

Solubilizing power of micelles 

The solubilizing power of a detergent in general is expressed as the amount of 
dye in grams per mole of micelles. In the case of a few commercial detergents, 
the niolecular weights of which are unknown and which are of unknown purity, 
the solubilizing power is expressed in grams of dye per 100 g. of detergent (micelle). 

The solubilizing power of the various detergepts is given in table 17. When 
the solubilization line is straight above the critical concentration the solubilizing 
power of the micelles is constant at a given temperature. On the other hand, 
if the solubilization line is curved, the solubilizing power varies with the concen- 
tration. Its value is found at different concentrations from the tangent of the 
solubilization line. 

The fact that the solubilizing power with regard to DMAB of micelles of fatty 
acid soaps and of some other detergents is constant above the critical concentra- 
tion indicates that the solubilized DMAB does not affect the solubilizing power 
of the micelles. The constant molar solubilizing power of the micelles also 
indicates that the soap which is unmicellized at the critical concentration does 
not become micellized at higher concentrations. This (conclusion is substantiated 
by E.M.p. measurements (3f Kolthoff and Jolmson (15), who showed that the 
laurate-ion activity in sodium laurate solutions remains constant when the soap 
concentration is increased above the critical one. Finally, the constant value 
of the solubilization indicates that we are dealing only with one type of micelle 
above the critical concentration up to the highest concentration investigated. 
From the data of McBain and Green (10, 17) it is found that the solubilization 
line of Orange OT is straight (at 25°C. and 50®C.) when the amount of solu- 
bilized dye is plotted against the soap concentration. These experiments were 
done with potassium caprate up to a concentration of 0.84 M, with potassium 
laurate up to 1.4 M, potassium myristate up to 0.8 M, and sodium laurate up 
to 0.2 M. 

We find that the solubilizing power with regard to DMAB and Orange OT of 
sodium laurate is the same as that of potassium laurate at both 30®C. and 60®C. 
Also, the solubilizing power of sodium caprate and of sodium oleate was found to 
be the same as that of the corresponding potassium soaps. These results do not 
agree with those reported by McBain and coworkers, who found that potassium 
laurate and oleate have a considerably smaller solubilizing power than the corre- 
gponding sodium soaps (figure 14). We find a solubilizing power of sodium and 



TABLE 17 


Solubilizing power of detergents 



MAXIMUM 





CONCEN- 


1 


DETEltGLNT 

TKATION 
AT WHICH 
SOLUIllUZA- 
TION 
WAS 

measured 

CONCENTRATION 

AT W^HICH 
SOLUBILIZING 
POWER IS GIVEN 

I 

i TEMPER* 
j ATURE 

1 

1 

1 

SOLUBILIZING POWER 
GRAMS OP DYE PER 

MOLE OP MU ELLIZED SOAP 


moles/ltler 

i 

1 X’. 


Sodium caprate 

0.20 

I Constant 

30 

0.64 with DMAB 

Potassium caprate 

0.75 

. Constant 

30 

0.64 with DMAB 

Sodium caprate 

0.20 

1 Constant 

; 50 

1.19 with DMAB 

Potassium caprate 
Potassium caprate 

0.75 

; Constant 

50 

1.19 with DMAB 

(McBain’s result (17) ) . . 

0.839 

! Constant 

, 25 

j 0.395 with Orange OT 

Sodium lauratc . 

; 0.375 

Constant 

, 30 

1.50 w ith DMAB 

Sodium lauratc 

Sodium lauratc (McBain’s 

0.375 

i Constant 

30 

j 1.31 with Orange OT 

result (10)) 

0.2 

Constant 

! 25 

' 2.00 with Orange OT 

Sodium lauratc 

0.375 

! Constant 

1 50 

1 2.43 with DMAB 

Potassium laurate . 

0.75 

: Constant 

‘ 30 

' 1.50 with DMAB 

Potassium laurate 

Potassium laurate 

1 0.75 

) 

1 

1 (Constant 

! 

30 

i 1.31 with Orange OT 

(McBain’s result (17)) 

i 1.403 

Constant 

25 

i 1.06 with Orange OT 

Potassium laurate 

[ 0.75 

( Constant 

! 50 

2.43 with DMAB 

Potassium laurate 

Potassium laurate 

0.75 

Constant 

1 50 

1.88 w ith Orange OT 

1 

' (McBain’s result (17)) 

0.819 

Constant 

50 

1.65 with Orange OT 

Potassium myristate 
Potassium myristate 

j 0.25 

1 

j 

(/onstant 

1 

30 

; 2.71 with DMAB 

(McHain’s result (17)} 

’ 0 793 

Constant 

25 

1 1.85 wi(h Orange OT 

Potassium myristate 
Potassium myristate 

0.25 

1 (/onstant 

1 

: 50 

1 4.15 with DMAB 

(McBaiu’s result (17)) 

0.793 

1 Const ant 

50 

1 2.96 with Orange OT 

Potassium palmi tat e. . . . 

0.10 

I Constant 

50 

! 5.90 with DMAB 

Potassium stearate . . 

0.10 

1 Constant 

50 

7.86 with DMAB 

Potassium oleate 

Sodium and potassium 

0.15 

1 Constant 

30 

1 

3.24 with DMAB 

oleates 

0 15 

(^onstant i 

50 j 

5.72 with DMAB 

Dodecylamine hydro- f 

1 0.505 

0.4 M 

30 i 

4.32 with DMAB 

chloride { 

0.505 

0.1 M 

30 

2.90 with DMAB 

{ 

0.505 

0.06 M 

30 

2.23 with DMAB 

Dodecylamine hydrochlo- 





ride (McBain’s result (10)). 

0.200 

0.06 M 1 

25 

1.85 with Orange OT 

Dodecylamine hydro- / 

0,505 

0.4 M j 

50 

5.63 with DMAB 

* chloride | 

0.505 

0.06 M 1 

50 

3.30 with DMAB 

Sodium di -sec -butyl naph- 





Ihalenesulfonate (SA- / 

0.125 

0.1 M [ 

30 

2.65 with DMAB 

178) . < 

0.20 

0.1 M 1 

50 

4.80 with DMAB 

Diamyl sodium sulfosuc- f 

0.92 

0.8 M ! 

30 

2.60 with DMAB 

cinate (Aerosol AY) . . .| 

0.92 

0.4 J»f 

30 

2.40 with DMAB 

0.92 1 

0.2 M 

30 

1.86 with DMAB 


937 



938 


I. M. KOLTHOFF AND W. BTRICKS 


TABLE 17 — Contirmed 


DETERGENT 

MAXIICUII 
CONCEN« 
TRATION 
AT WHICH 
SOLUBILIZA- 
TION 

WAS 

UKASUSED 

CONCENTRATION 

AT WHICH 
SOLUBILIZING 
POWER IS GIVEN 

TEMPER- 

ATUBE 

SOLUBILIZING POWER 
GRAMS OF DYE PER 
MOLE OP MICELLIZED SOAP 


moles /liter 


T. 


Diainyl sodium sulfosuc- 
cinaie (Aerosol AY) 





(McBain’s result (18)) . , . . 

0.80 

0.8 M 

25 

1 . 13 with Orange OT 

Diamy] sodium sulfosuc- 
cinate (Aerosol AY) 





(MpBain’s result (18)). . . . 

0.80 

0.4 M 

25 

0.65 with Orange OT 


0.92 

0.8 M 

50 

5.30 with DMAB 

Aerosol AY i 

0.92 

0.4 M 

50 

4.00 with DMAB 

1 

0.92 

0.1 M ' 

50 

0.66 with DMAB 

Daxad 11 

1 

200 g. 

per liter 

100 g. per liter 

30 

0.45 g. per 100 g. of 
detergent with 
DMAB 

Daxad 11 1 

1 2{X) g. i 
per liter! 

i I 

1(K) g. per liter i 

i 

i 

1 50 

! 

j 

0.52 g. per l(X)g. of 
detergent ^\lth 
DMAB 

Triton IMOO 

1 200 g. 1 

1(K) g per liter j 

30 ’ 

0.68 g. per 100 g. of 


I per liter| 

1 

1 

\ 

det(*rgent with 


1 j 


1 

DMAB 

Triton IMOO 

1 200 g. j 

1 per liter: 

' : 

)(X) g. per liter ' 

50 ’ 

i 

1 

0.83 g. per l(X)g. of 
detergent with 
DMAB 

Potassium dehydroabielate. 
Sodium rosinate (Hercules 

1 0 2 1 

1 j 

0.13/ 

.50 1 

1 

2 5 with DMAB 

sample No 45-085) . . 

Sodium rosinate (Hercules 

I 0.294 1 

0.3 M 

30 ; 

1 

2 58 with DMAB 

sample No. 45-985) . , . .i 

Sodium rosinate (Hercules | 

i 0.204 i 

0.1 3/ 

.50 i 

{ 

7.12 with DMAB 

sample No. 45-979) . . 

0.226 

0.13/ ; 

.50 i 

4 14 with DMAB 


potasBium laurates with regard to Orange OT at 30°('. of 1.31, whereas from 
McBain’s data a value at 25°C. of 2.00 is found for sodium laurate and of 1.06 
for potassium laurale. At 50°C^ we find a solubilizing power of 1.88 for Orange 
OT and from McBain’s data a value of 1.65. From our work we find that the 
solubilizing power of laurate increases from 1.50 at 30®C. to 2.43 at 50%'. for 
DMAB, but only from 1.30 at 30°C. to 1.82 at 50°C!. for Orange OT. It is seen 
that the variation of the solubilizing power of a detergent with temperature 
depends upon the kind of substance which is solubilized. 

Comparing the fatty acid soaps it is found that the solubilizing power increases 
markedly with increasing number of carbon atoms (see figures 6 and 7). For 
Cio”Cu-Ci4-Ci6-Ci* (stearate) and Cig (oleate) fatty acid soaps the solubilizing 
power for DMAB is in the ratio of 1 :2.04:3.49:4.95:6.00;4.8 at 50®C. At SO^C. 
the ratio for Cio-Cu-Chg-Cis (oleate) is 1:2.34:4.23:5,05. It is seen that the 
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increase of the solubilizing power with the increase of the number of carbon atoms 
is greater at 30°C. than at 50°C. McBain and Green (17), who determined the 
solubilization of Orange OT in potassium caprylaie, caprate, laurate, and myris- 
tate at 25®C^ found a ratio of 1 : 2.14:6.48: 11.(51 . Taking caprate as 1 this ratio 
would be 0.467:1:3.02:5.42. The ratio seems to depend on the kind of sub- 
stance which is solubilized. For a given substance the ratio changes with the 
temperature. 

It is of interest to note that ilu' solubilizing power of oleate (Cis) is found to be 
nearly the same as that of palmitate (Cie), but considerably smaller than that of 
stearate (('is)- Apparently the presence of the double boncl in oleate decreases 
the solubilizing power of the micelles. 

Figures 3 and 5 show that there is a small amount (jf solubilization in detergent 
solutions at concentrations Mow the critical one. Thus, a perfectly clear 0.06 
M potassium caprate solution (critical concentration is O.lOt)) dissolves about 
1.8 mg. of DMAB per liter at 30°G. and about 4 mg. of DMAB per liter at 50°(>\, 
while the solubility of DMAB in water is less than 1 mg. per liter at both tem- 
peratures. This indicates tliat there are micelles in detergent solutions below 
the critical concentration. 

Dodecylamine hydrochloride provides a typical example of a detergent the 
solubilizing power of which increases markedly' with the concentration above the 
critical one (see tabl(» 17). The* effect is so large that it cannot be accounteil for 
by a complete micellization above the (critical concentration of all the detergent 
whi(!h is iinmicellizi'd at the critical concentration. Neither docs it seem probable 
that it can Ix' acc.ounted for by an increase of tlu' solubilizing power by the solu- 
bilized DMAB. Thus it seems that with dcxlecylamine hydrochloride and deter- 
gents Ixhaving similarly there may be at least two different types of micelles 
with different solubilizing power and that Avitli increasing (’oiKientration relatively 
more of the micelles are formed with the greater solubilizing power. It would 
be of importance to check tliis tentative conclusion by optical mc'asuremeiits in 
pure detergent solutions. 

The solubilizing power of laurylamine hydrochloride (0.4 .1/) is considerably 
greater than that of laurate. This has already been found by McBain (10), who 
states that both diKlecylamine hydrochloride and lauryl sulfonic acid have a 
greater solubilizing power than laurate. 

The solubilizing power of the different detergents as found from the solubiliza- 
tion of DMAB and Grange OT (for laurate) increases with increasing tempera- 
ture. The relative increase in the same temperature range is different for 
different det/crgents. The ratio of the solubilizing power (DMAB) at 30®(^. and 
5()°C-. is given for a few pure detergents in table 18. 

McBain ’s experiments (10, 17) with Orange OT yield a ratio of 1.6 for potas- 
sium laurate between 60°C\ and 25X\ The technical detergents also show a 
marked increase of their solubilizing power as the temperature is increased. The 
ratio of tlie solubilizing power at 50''C. and 30°C. for 0.1 M solution of SA-178 
is 1.81, The corresponding ratio of Aerosol AY is 2.04 for a 0.8 M and 1.67 for 
a 0.4 M solution. The temperature effect on the solubilizing power of sodium 
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rosinate solutions is extremely great, the ratio being 2,76 for a 0.1 M solution of 
a commercial sample. 

It is remarkable that the solubilizing power of sodium rosinate is much greater 
than that of potassium dehydroabietate, considering the fact that the rosinate 
contains about 60 per cent dehydroabietate. The solubilizing power of a given 
commercial sample of sodium rosinate was 7.12 and that of potassium dehydro- 
abietate was 2.5 both at 50°C. and in 0.1 M solutions. Obviously other con- 
stituents in the dehydrogenated commercial rosin either have a very large solu- 
bilizing power as compared to dehydroabietate or these constituents affect the 
solubilization of DMAB in the dehydroabietate. It would be of interest to find 
out which constituents in the dehydrogenated rosin are responsible for the great 
solubilizing power of the commercial rosinate and the large temperature coeffi- 
cient of solubilization as compared to dehydroabietate. 


TABLE 18 

Change of solubilizing power (grams of DMAB pet mole of soap) with temperature 






DETRHCENT 




TEMPERATirUT, 

Capra te 

, 1 

' Laurate • 

1 

Mynstate 

Olcate 

Dodecylamine 

hydrochloridii 

• 

! DMAB 

OranKc 
OT : 

At 

0 4 1/ 

1 At 

0 06 .1/ 

X. 


I 

1 





50 

: 1.19 

1 2 43 

J 82 : 

4 15 1 

5.72 

5 63 

3.30 

30 

0.04 

1 1.50 

1.30 1 

. , i 

2 71 

3 24 

4.32 

2 23 

Ratio: 50°C./30°C. . { 

1.86 

j 1.62 ' 

1.4 ! 

1.53 ! 

1.76 

1.3 

, 1 5 


SUMMARY 

Solubilization of the water-insoluble dye dimethylaminoazobenzene hjis been 
measured at 30°C. and 50"^^. in solutions of pure and technical detergents. 

Wlien plotting the solubilization against the concentration of the detergent, 
graphs were obtained from which the critical concentration was found. The 
solubilization line of fatty acid soaps above the critical concentration was straight 
(constant solubilizing power of the micelles), while that of many other detergents 
was convex (increase of solubilizing power of micelles with increasing detergent 
concentration). 

The critical concentration of a large number of det/Crgents is tabulated and 
compared with data obtained by other methods reported in the literature. The 
critical concentration is hardly affected by the temperature in a concentration 
range between 30°C. and 50®C. 

The critical concentrations of sodium and potassium caprates and also of the 
corresponding laurates and oleates are the same. A quantitative expression is 
given of the solubilizing power of various detergents, and the data are tabidated. 

At the same molar concentration sodium and potassium caprates and also the 
corresponding laurates and oleates have the same solubilizing power. This has 
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been found for the solubilization of DMAB and of Orange OT in laurate solutions, 
and of DMAB in caprate and oleate solutions. 

The solubilizing power of a detergent increases with the temperature. The 
temperature coeflBcient of the solubilizing power varies for different detergents. 
It seems to depend also on the nature of the substance which is solubilized. 

Very slight solubilization is observed below the (critical concentration, indicat- 
ing the presence of some micelles. 
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ZONES OF MUTUAL PROTECTION AGAINST CRYSTALLIZATION 
IN DUAL-OXIDE SYSTEMS^ 
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AND 

(L A. MILLS 

Houdry Process Corporation of Pennsylvania^ Marcus Hook^ Pennsylvania 
Received January 1948 

The hydrous oxide of one metal in colloidal solution may act as a protecting 
colloid for the hydrous oxide of a second metal. To illustrate, hydrous chromic 
oxide is peptized readily by alkali hydroxide giving a clear green sol, whereas hy- 
drous ferric oxide is peptized by alkali hydroxide only in very small amounts 
under special, carefully controlled conditions (8). Almost a century ago, North- 
cote and Church (7) reported that complete solution of mixed chromic and ferric 
oxides in alkali hydroxide takes place when chromic oxide is associated with not 
more than 40 per cent ferric oxide, whereas complete precipitation of both oxides 
results when chromic oxide is tissociated with not less than 80 per cent ferric oxide. 
The explanation of this behavior was given by Nagel ((>) in Bancroft’s laboratory: 
The green colloidal hydrous chromic oxide adsorbs to a limited degree and there- 
fore carries into colloidal solution the hydrous oxide of iron; and conversely, the 
hydrous oxide of iron adsorbs hydrous chromic oxide to a limited degree so that, 
when the iron oxide is present in sufficient amount, it carries down and decolorizes 
practically completely the green colloidal solution of chromic oxide (cf. also 1, 
2 , 10 , 11 ). 

One oxide may also act as a protective colloid for another oxide in the solid 
state. In this case the protective action is not to prevent coalescence of the 
colloidal micelles in the dispersed phase, but to prevent growth in the solid phase 
into the ordered crystal state. It should follow that if oxide A is adsorbed by 
oxide B, it may inhibit the crystallization of B; and if oxide B is adsorbed by 
oxide A, it may inhibit the crystallization of A. This mutual protective action 
of the two oxides on each other may result in two composition zones of maximum 
protection against crystallization (one in which oxide A is in excess, and a second 
in which oxide B is in excess) and three zones of maximum crystallization (one in 
which B is in large excess, a second in which A is in large excess, and a third in 
which both A and B are present in proportionately large amounts). An indica- 
tion of zones of mutual protection against crystallization has been observed 
within a specified temperature range with a number of dual-oxide systems, as 
shown by the experimental data reported in the next section. 

^ Presented before the Division of Colloid Chemistry at the 112th Meeting of the Amer- 
ican Chemical Society, which was held in New York City, September, 1947. 
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SYSTEM 


AWi-BqO 

AlsOa-BeO 

Al203‘“Be0 

AljOs—ZrOa 

Al203-“Bi203 

Al203~Bn02 


TABLE 1 
Dual-oxide gch 

SALT SOLUTIONS USED 

AICI 3 aud BeCL 

A 1 (N 03)3 and Be(X 03)2 

Al 2 ( 804)3 and BeS04 

AICI 3 and Zr(N 03)4 

ARM 3 and BiClj in excess HCl 

AICI 3 and SnCL in excess HCl 


10 5 4 3 2 1.5 
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60 
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100 

0 


Standard BeO 


Fig. 1 . Diagrams of x-ray diffraction patterns of alumina -bo ryllia gels heated 2 hr. at 
665®C.; precipitated from aluminum chloride and beryllium chloride. 
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EXPERIMENTAL 
Preparation of samples 

Mixtures of varying volumes of metallic salt solutions (each 0.5 M with respect 
to the anhydrous oxide), as listed in table 1, were coprecipitated with a slight 
excess of ammonium hydroxide solution in a rapid-mixing device describedjelse- 

10 5 4 3 2 1.5 

feicO A ^2^3 
Standard ^ ”^120^ 

0 100 


10 90 


20 80 


30 70 


40 60 


50 50 


60 40 


70 30 


80 20 


90 10 


100 0 


Standard BeO 


10 5 4 3 2 1.5 

Fig. 2. Diagrams of x-ray diffraction patterns of al urn ina-bery Ilia gels heated 2 hr. at 
565®C.; precipitated from aluminum nitrate and beryllium nitrate. 

where (12). The compositions of the salt mixtures were adjusted so that for 
each system a series of eleven hydrous oxide mixtures was obtained, containing 
Of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mole per cent (anhydrous basis) of 
aluminum oxide. The precipitated dual-oxide gels were washed with distilled 
water, using a centrifuge, until the supernatant liquid was essentially free of 
chloride or nitrate ions. The washed gels were dried at 106®C. for 12 hr., and 
then were heated for 2 hr. at 565®C. in an electric muffle furnace. 
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X-ray diffraction analysis 

X-ray diffraction patterns were obtained from the samples described above, 
using copper Ka x-radiation. The x-radiation was removed by a nickel foil 
filter. The results obtained for the samples heated at 5f)5°C. are given in figures 
1-4 and tables 2~4. 
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Ficj. 3. Diagrams of x-ray diffraction patterns of alumina-beryl lia gels heated 2 hr. at 
565®C.; precipitated from aluminum sulfate and beryllium sulfate. 


DISCUSSION 

Mutual 'protective action 

The identification of phases present in the samples presents considerable diffi- 
culty, since most of the x-radiograms consist of extremely broad bands. It is 
difficult in many cases to distinguish between samples which are amorphous and 
samples which contain a relatively small amount of crystalline material in ex- 
tremely finely divided form together with amorphous material. Microphotom- 
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Fig. 4. Diagrams of x-ray diffraction patterns of alumina-zirconia gels heated 2 hr. at 
565®C.; precipitated from aluminum chloride and zirconium nitrate. 


TABLE 2 

Alumina-zirconia gels 


COMPOSITION IN MOLE PEK CENT 

ZrOo Al:Oj 

KESOLTS OF X-1A\ EXAMINATION (GELS 

HEATED 2 HES. AT 565“C.) 

0 

100 

Standard 7 -AI 2 O 8 pattern 

10 

90 

Amorphous 

20 

80 

Not examined * 

30 

70 

7 -AI 2 O 3 , faint bands 

40 

60 

7 -AI 2 O 3 

50 

50 

Amorphous 

60 

40 

Amorphous 

70 

30 

Amorphous 

80 

20 ! 

Not examined 

90 

10 1 

1 Standard Zr02, tetragonal 

100 

0 

Standard Zr02, monoclinic 


eter traces of such negatives are usually of little value, and our interpretations 
are based on visual inspection of the negatives. However, the x-radiograms 
furnish conclusive evidence of mutual protection. As little as 10-30 mole per 
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cent of BeO, Zr02, Bi208, or Sn02 retards or prevents the crystallization of 
alumina. The protective action is mutual, since 10-40 mole per cent of alumina 
likewise retards or prevents the crystallization of the second component of each 
dual-oxide system. It will be noted that 10 mole per cent of alumina stabilizes 
the tetragonal form of zirconia, since the pure zirconia gel is essentially in the 


TABLE 3 

Alumhm-hismulh trioxide gels 


COMPOSITION IN MOLE PER CENT 


BivOi 


AliOa 


RESULTS OF X-RAY EXAMINATION (CELS HEATLD 
2 HR. AT 56.S''C.) 


0 
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80 

90 

100 


100 

90 

80 

70 

60 
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40 
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10 
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i Standard 7-AI2O3 pattern 

! 7-AI2O3, very faint bands, nearly amorphous 

I BijOa, faint, but relatively sharp lines 
I BijOs, relatively sharp lines 

I Bi208, very broad bands, nearly amorphous 

' Bi20a, very broad bands, nearly amorphous 

BijOa, relatively sharp lines 
I BijOa, relatively sharp lines 

I Bij 0 .j, relatively sharp lines 

j Bi203, relativob sharp lines 

Standard BiaOs 


TABLE 4 

Alumina-stannic oxide gels 


COMPOSITION IN MOLE PER CENT 

1 RESULTS OF X-RAY EXAMINATION (GELS liUATED 

1 2 HR. AT 565T.) 

SnOx 

AliO, 

0 

100 

f Standard 7-AI2O3 

10 

90 

7-AI2O5, faint bands 

20 

80 

7-AI2O3, faint bands 

30 

70 

Essentially amorphous 

40 

60 

Standard Sn02, relatively sharp lines 

50 

50 

Sn02, relatively sharp lines 

60 

40 

Sn02, faint broad bands 

70 

30 

Sn02, faint broad bands 

80 

20 

Sn02, sharper bands 

90 

10 

Sn02, fairly sharp lines 

100 

0 

! Staridard SiiO^ 


monoclinic crystalline form, l^arger amounts of alumina render the zirconia 
amorphous. These observations on mutual protective action confirm similar 
results found in the systems Cu 0 '~Fe 205 (3), NiO-AbOs (4), and Cr 203 ~Fe >03 (5). 

Two zones of maximum protection 

lu addition to the mutual protective action discussed above, the results (dearly 
suggest the existence of two zones of composition wherein maximum protection 
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occurs. In the zones of protection, the gels are amorphous to x-rays or consist 
of e5i?treraely finely divided crystals which may correspond to regions of maximum 
surface, and which, therefore, may exhibit enhanced adsorptive and catalytic 
properties. 

Two zones of maximum mutual protection arc evident, especially in the system 
Al203'~Zr02. The zones of mutual protection may be modified by the anions 
present. Indeed, in a series of samples prepared from aluminum sulfate and 
beryllium sulfate, the zones are wider than in a series prepared from the chlorides 
or nitrates. It is assumed that the more strongly adsorbed sulfate ion likewise 
contributes to the protective action (13). 

CONCLUSIONS 

1. Since one oxide A may act as a protecting colloid for a second oxide B, and 
since a protecting colloid will inhibit crystal growth, it follows that if oxide A is 
adsorbed by B, it may inhibit the crystallization of 1^, and that if oxide B is 
adsorbed by A, it may inhibit the crystallization of A. 

2. Mutual protective action has been observed in the following dual-oxide 
systems heat^ for 2 hr. at 565®C.: BeO-AbOa, ZrO-AbOs, and Sn02~Al203. 
This confirms similar behavior described for the systems NiO-AbOa, Cu0'~Fe208, 
and Cr203-Fe203. 

3. The mutual protective action of two oxides A and B on each other should 
result in two composition zones of maximum protection against crystallization 
(one in which A is in excess, and a second in which B is in excess) and three zones 
of maximum crystallization (one in which A is in relatively larg(^ excess, a second 
in which B is in relatively large excess, and a third in which A and B ai*e present 
in proportionately large amounts). These conclusions have been confirmed for 
three dual-oxide systems referred to in paragraph 2 above. 

4. Pure zirconia gel is usually monoclinic at a temperature level of 50()~6()0°C., 
but the tetragonal form is stabilized by 10 mole per cent of alumina. Larger 
amounts of alumina render the zirconia amorphous to x-rays. 

5. The width of the zones of mutual protection against crystallization is modi- 
fied by the anions in the solution from which the mixed gel is precipitated. The 
zones of mutual protection in the BeO-AbOs system are wider when the gels are 
thrown down from sulfate solutions than from chloride or nitrate solutions, 
possibly because of stronger adsorption and protective action of divalent sulfate 
ions than of the univalent anions, 
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INTRODUCTION 

Theories of melting (1, (1, 1 L 17) and evaporation (7, 10, 13) Im a irimter of 
models of the liquid and solid states have been reviewed by Lennaul-Jones (12). 

The kinetics of fusion lias been discussed by Lindemann (15) and the rates of 
evaporation by Fi iTikel (3). However, neither melting nor evaporation appears 
to have been eonsider(‘d irom the point of view of I^yring^s rate theory (2, 5). 
It is the purpose of this paper to show that Eyring’s rate theory leads to useful 
results for tlu* rates of fusion and evaporation if reasonable assumptions are made 
concerning the nature of the activated complex formed during fusion and evap- 
oration, Tin* results obtained for the rates of evaporation are of the same order 
of magnitude' as those predicted from the Knudsen equation (8, 11). 


THE KINETICS OF FUSION 


According to tlie statistical theory of reaction rates (2, 5), the rate of fusion is 
given by the relation 


j 


/?“ F ^ 


( 1 ) 


where F* is the partition function of the activated complex formed during melt- 
ing, F is the partition function of the original solid, 6/ is the activation energy 
for fusion per molecule, k is the gas constant per molecule, T represents the ab- 
solute temperature, and h is Planck’s constant. If the solid consists of Einstein 
oscillators with vibration frequency p, then, except for the factor corresponding 
to the internal partition function, 


since 


F = (1 _ ^ (kT/hpf 

hv « kT 


( 2 ) 


near the nelting point. If the activated complex also consists of Einstein oscil 
lators, then 


F* = (1 - QiT/hv*)- 


(3) 
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where v* is the vibration frequency of the Einstein solid in the activated statu. 
In view of Lindemann’s work (15) it is not unreasonable to expect that 

v* Orf (4) 

With this assumption the preceding expressions lead to the result 

j = (5) 

If the solid at the melting point may be approximated by particles moving 
freely within a potential box, then F* and F can be expressed in terms of liquid 
partition hmctions (12). In this case 

F = {2irmkTy%/h^ (0) 

and 

F* = {2icmkT)v)'*/h^ (7) 

where tv represents the free volume per molecule and m is the mass per molecule. 
Equations 1, 6, and 7 lead to the relation: 

./ = ( 8 ) 

Since equations 5 and 8 must lead to the same value for j, it follows that the 
free volume can be expressed as 

tv = {kTJ2wmvY^ (9) 

Equation 9 is identical with a relation deduced previously bv Ixjnnard-Joncs 

( 12 ). 

It is of interest to note that if the free volume is expressed in terms of the 
result obtained by Kincaid and Eyring (9), then equations 5 and 8 may be used 
to represent the vibration frequency of the solid in terms of the sound velocity. 
The resulting relation is 

.. = (p/m)‘V(27r)‘'' (10) 

where u represents the sound velocity and p the density of the melting solid. 
Equation 10 leads to values for the Einstein frequency which are in good agree- 
ment with results obtained by other methods. Representative values are 
shown in table 1. The data shown in this table indicate tliat the Ijtmnard- 
Jones and Kincaid and Eyring expressions for the free volume may be equated, 
at least for the solid elements considered in table 1. 

THE RATE OP EVAPORATION ' 

The rate of evaporation of liquids and solids into a vacuum is given by the 
Khudsen equation (8, 11). The maximum possible rate is obtained by equating 
the accommodation coefficient to unity. Under these conditions the rate of 
decrease of the radius of an evaporating spherical droplet with time can be shown 
to be given (16) according to the expression 

- dr/dl = {M/2irRTn./pt (11) 

where — dr/d< is the rate of decrease of droplet radius with time, p, is the sat- 



MELTING AND EVAPOUATION AS ILVTE PIlOf ESSES 


951 


uratecl vapor pressure of the evaporating compound at the temperature T, 
Pi is the liquid density, R is the gas constant per mole, and M represents the 
molecular weight of the evaporating compound. 

Application of Eyring’s theory (2,5) should yield results similar to those pre- 
dicted from equation 11, provided correct values are used for the partition 
functions. C-orresponding to an accommodation coefficient of unity in the 
Knudsen equation, it is reasonable to set the transmission coefficient equal to 
unity in the rate process treatment, as was done in equation 1. 


TABLE 1 

Vibration frequencies of solid elements 
LLIMFVr t‘ X 10»2* p X 10«st 


Lead 
Silver 
( k)i)i)<‘i 
Iron 

Aluinimirn 


* (’aleulated from equation 10 

t Determined by oIIkm' methods, and sumnmrized on page 414 of reference 4. 


secr^ 

secr^ 

].6 

l.S to 2.2 

4.2 

4.1 to 4 5 

(> (i 

5.7 to 6 S 

S.7 

G.5 to 9.4 

s.o 

6.0 to 8 3 


The partition function for an evaporating liquid is, as before, 

F = {2irmkTf'-vinr (6) 

If the partition function of the activated complex is similarly written as 

F* = i2wv>,lcr)v/'\/h- (7) 

in the rate expression for evaporation 

j, = (kT/hW*/F)e-^^--^”'^ (12') 

wliere is the molar activation energy for evaporation, then the Frenkel 

equation (3) is obtained, i.e., 

(13) 

The values of j, calculated from equation 13 arc much smaller than the values 
predicted by the Knudsen equation (3). 

Since the activated complex for evaporation occurs during the formation of 
freely moving molecules, it is not unreasonable to eiiuatc F* to the partition 
function of a gaseous molecule, allowing for the coordination of one degree t)f 
freedom with the reaction coordinate. Thus 

F* = (2rmkT)v^'\^h- (14) 

where v is the volume per molecule. Introduction of equation 14 into equation 
12 leads to the relation 


( 15 ) 
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where the molar activation energy for evaporation has been set equal to the heat 
of vaporization per mole, AHv^v 

If the free volume in the liquid is replaced in terms of the result obtained by 
Kincaid and Eyring (9), then it is easy to show that equation 15 leads to the 
following expression for the rate of decrease of droplet radius with time (using 
equation 2 of reference 16 Avith j, = k): 

~ dr/dt = (16) 

Here y represents the ratio of the specific heat at constant pressure to the spe- 
cific heat at constant volume. It should be noted that equation 16 applies to 
the sublimation of solids as well as to the vaporization of liquids as long as the 
Lennard-Jones and Kincaid and Eyring formulae for the free volume are iden- 
tical. 

Representative values of — dr/d/ have been calculated for a number of liquids 
and solids from equations 11 and 16. Results are summarized in table 2. 

Reference to the results shown in table 2 indicates that the values determined 
from equations 11 and 16 are generally of the same order of magnitude but that 
the temperature coefficients of the two theoretical equations are different. 
This result is similar to that obtained previously by application of a largely em- 
pirical relation for the evaporation of liquids into a vacuum (16). The agree- 
ment between the numerical values calculated from equations 11 and 16 is seen 
to be best for non-associated spherical molecules, where the formula used for the 
free volume is most likely to be valid. The data compiled for the sublimation 
of metals also show reasonably good agreement between results calculated 
from equations 11 and 16. 

Some of the discrepancies observed between the calculated values may be the 
result of application of poor experimental data. This assumption seems to be 
borne out by the large differences observed where tw o sets of experimental data 
Avere used (cf, results for silver and copper). On the other hand, it is apparent 
that the present treatment represents an oversimplification of the evaporation 
process. It is possible that a more detailed consideration of the nature of the 
activated complex will remove the discrepancy existing with regard to the 
temperature coefficient of the calculated values of — dr/dt, A suitable cor- 
rection may perhaps also be introduced by evaluating the transmission coeflS- 
cient. 

In view of the fact that treating the activated complex like a freely moving 
gas leads to relatively good agreement with the values calculated from the 
Knudsen equation, while the Frenkel formula leads to significantly different 
results, it is perhaps justifiable to conclude that the activated complex more 
nearly corresponds to a freely moving gaseous molecule than to a liquid or solid 
molecule. 

It is possible to deduce a simple relation for the vibration frequency of the ac- 
tivated complex of a subliming solid by proceeding in a manner analogous to 
that used for the treatment of the kinetics of fusion. Thus, if the subliming 
solid is considered to be an Einstein oscillator, then 


( 17 ) 



TABLE 2* 

Evaporation of liquids 


' OOlCPOVMD 

T 

-df/dit 

~dr/d/t 

R\ 


“C. 

cm, /sec. 

cm./sec. 


Benzene 

10 

1.51 

1.57 

0.96 


30 

4.42 

4.03 

1.1 


50 

11.1 

9.11 

1.2 

Carbon tetrachloride 

0 

1.09 

0.883 

1.2 


20 

3.04 

2.41 

1.3 


40 

7.61 

5.67 

1.3 

Chloroform 

0 

1.64 

1.55 

1.1 


20 

4.79 

3.96 

1.2 

j 

40 

11.7 

8.92 

1.3 

Carbon disulfide 1 

20 

1 19.6 

7.03 

2.8 

n-Pentane | 

25 

27.2 

23.8 ' 

1.1 

n-Hexane ... ! 

25 

i 5.67 

7.37 ; 

0.77 

Cyclohexane . . . 1 

18.4 

2.94 

2.92 ! 

1.0 

n-Heptane . ... j 

25 

0.926 

2.29 

0.40 

n -Octane I 

25 

0.159 

0.750 

0.21 

Ethyl ether 

20 

13.6 

18.2 

0.75 

Pyridine . ... 

20 

0.243 

0.475 

0.51 

Water 

0 

0.00231 

0.0537 

0.043 


I 20 

0.0134 

0.254 

0.053 


40 

0.0598 

0.780 

0.077 

Ethyl alcohol 

! 0 

0.0723 

i 0.362 

0.20 


1 20 

i 0.305 

. 1.28 

0.24 


1 50 

, 2.10 

6.39 

0.33 

Methyl alcohol . . . . 1 

! 25 

{ 0.205 

3.01 

0.068 

Acetone . 

j 25 

1 3.60 

7.45 

0.48 

Mercury . . 

1 0 

1 8.32Xl0-‘ 

i 

j 6.80X10 7 

12 


20 

i 5.70X10-‘ 

4.28XlO-‘ 

13 

j 

40 

1 3.19X10* 

2.10X10-5 

15 

Evaporation of solids 

ELEICEKX 

i 

-dr/dt\ 

! -df/d<t 

1 



i *K. 

em,/s$c. 

! cmjsec. 


Iron (a) 

1 1200 

2.39X10->» 

5.52X10-** 

0.43' 


1300 

5.84X10-“ 

8.90X10-* 

0.66 


1400 

9.17X10* 

; 9.32X10-* 

0.98 


1500 

1.02X10-* 

j 6. 58X10-* 

1.6 

Silver 

1100 

1 1.68X10-7 

3.88X10-* 

^ 4.3 


1200 

1 2.25X10-* 

5. 34X10-* 

4.2 


i 1200 

1 2. 25X10-* 

: 1.33X10* 

1.7 

Zinc 

i 617 

3.46X10“^ 

2.06X10-5 

17 

Copper 

! 1200 

3.32X10--* 

6.21X10-’ 

5 3 


! 1300 

4.45X10-7 

7.87X10-* { 

1 57 


10^3 

8.69X10~»« 

8.54X10-*’ 

! 1.0 

1 


1273 1 

2.29X10-7 

, 1. 26X10-’ ! 

1 1.8 

Nickel (a). 1 

1500 

5.66X10-7 

1 5.10X10* 

i 1 1 


Experimental data were taken from the Landolt-Bornstein tables, 
t Calculated from equation 16. 

} Calculated from equation 11. 

% His the ratio of — dr/d< calculated from equation 16 to the value of —dr/d^ calculated 
from equation 11. 
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where v* is the vibration frequency of the activated complex. Comparison of 
equations 15 and 17 shows that 

j-** = v\2rM/RTf\vf/v^'*) 

or 

K* = v~^'\RT/2rMf^ (18) 

where v/ has been replaced by the Lennard-Jones formula for the free volume in 
terms of the vibration frequency v. Equation 18 shows that the vibration fre- 
quency of the activated complex during sublimation is equal to the collision 
frequency in the gas moving in a direction normal to the surface if equations 
15 and 17 are to be identical. 

In conclusion, the author wishes to express his appreciation to Professor J. 
G. Kirkwood for suggesting the statistical approach to the study of rates of 
evaporation and for continued advice during the work on this problem. 
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A NEW AND EASILY CONSTRUCTED PRECISION COULOMETER^ 

ELLIOTT L. ABERS* and ROY F. NEWTON 
Department of Chemistry^ Purdue University, Lafayette, Indiana 

Received December S9, 1947 
INTRODUCJnON 

The need of a precision coulometer to measure currents of the order of 1 amp. 
was recently encountered in this laboratory. The instrument to be describ^ 
here is the result of the search to find a suitable and easily constructed coulometer 
to fit the requirements. 

Volume coulometers based on the electrolysis of a mercurous nitrate solution 
and a solution of mercuric iodide in an excess of potassium iodide are described in 
the literature (4, 6, 8) ; in these coulometers the mercury liberated at the cathode 
was allowed to fall into a graduated tube. Mercurous nitrate (3) and mercurous 
])erchlorate (5) have been used for the electrolytes in weight coulometers, in 
which the loss or gain in weight of a mercury anode or cathode was measured. 
I'he maximum allowable current density permitted in these coulometers and the 
accuracy obtainable Avere too low. 

The silver and iodine (‘oulometers are accepted as being the most reliable; how- 
ever, they present a serious limitation in that only low current densities may be 
measured. Special and expensive equipment, or recrystallized salts, are neces- 
sary and extreme care must be taken to insure that the results will be accurate. 

It was decided to explore the use of the bivalent reduction of mercuric iodide 
in the complex with excess potassium iodide, with gravimetric determination of 
the weight changes at the anode and the cathode. It was found that the meas- 
urement of the weight decrement at the anode was highly reliable up to current 
densities of 0.75 amp, per square centimeter, and that errors due to side reaction 
become unimportant at fairly high current densities. 

• EXPERIMENTAL 

The design of the coulometer is shown in figure 1. The anode cup is a 10-ml. 
beaker tilled with 5~8 ml. of mercury, and the cathode consists of about 25 ml. of 
mercury on the bottom of a 400-ml. beaker. The iron rings an* f-iii. pieces of 
4-in. pipe and are needed to overcome the stirrer vibration and to steady the 
coulometer. The electrodes are made from nickel welding rod, and all electrical 
connections are soldered. The stirrer, glass sleeves, anode support, and nitrogen 
inlet are held in place b}" corks inserted in the appropriate holes of a plywood 
cover. 

The electrolyte is prepared by dissolving 180 g. of mercuric iodide and GOO g. 
of potassium iodide in enough water to make a liter of solution. At the end of 

^ Abstracted from the thesis submitted by Elliott Ti. Ab<'rs to the Faculty of the 
(Jraduate School of Purdue I'nivorsity in partial fulfillmont of the requirements for the 
degree of Doctor of Philosophy, June, 1947. 

® Present address: IMassachusetts Institute of Technology, Cambridge. Massachusetts. 
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the nut the anode cup is careftilly removed and the mercury poured into a 30-ml. 
beaker for washing, the glass sleeve and metal electrode being carefully washed 
free of any adhering mercury. The mercury is then washed in the beaker by 
gently swirling the mercury, twice with 20 ml. of 25 pdr cent potassium iodide to 
prevent precipitation of merciuous iodide and four times with successive 20-ml. 
portions of distilled water. The mercury is then transferred to a glazed porcelain 
crucible and, after removing the excess moisture with filter paper, placed in a 



Fig. 1. Coulometer. A, anode cup, filled with mercury; U, cathode mercury; C, nickel 
electrodes, 1/8-in. welding rod; D, glass sleeve to protect nickel electrodes from elec- 
trolytes; E, nitrogen inlet; F, glass support for anode cup; G, glass stirrer with bushing- 
H, wooden support for corks ; I, iron ring to weight and steady the wooden support ; K, corks . 


desiccator having calcium chloride as the drying agent. Mercury from the 
cathode may be used again after filtering throu^ a pin hole in a dry filter paper. 
The mercury from the anode may be used again after washing with 10 per cent 
nitric acid. The electrolytic solution may be used repeatedly, and when not in 
use stored in a stoppered bottle. 

The accuracy of the coulometer was determined by placing a standard 1-ohm 
resistance in series with several mercury coulometers also connected in series and 
measuring the potential drop across the standard resistance with a Rubicon tsrpe 
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K potentiometer. The potential drop was measured every minute for 3 hr., the 
variation of the current for each minute being smaller than the precision to which 
the potentiometer could be read. In these experiments the current was supplied 
by three new 6-volt storage batteries connected in parallel. The current for all 
other experiments was supplied by a d.c. generator. 

DISCUSSION 

The results of the runs in which the current was accurately measured by means 
of the potentiometer are given in table 1 as a comparison between the observed 
anode decrement and that calculated from the current passed. The potential 
drop was plotted versus time, and the total number of coulombs was found from 
the area under the curve from zero time to 3 hr. The calculation of decrements 
from observed current is based on the Birge value (2) of 96,501 =t: 10 int. 
coul./g.-equiv. and the value of 200.610 (1,) for the atomic w eight of mercury. It 


TABLE 1 

Calculated vs. observed anode decrement 


KUN 


n 

Current density, amperes per square centimeter . 

0.1 

0.1 

Coulombs (graphical) .... .... 

5018.1 

4835.8 

Faradays. ... . . . 

0.052001 

0.050112 

Calculated anode decrement , grams of mercury . . 

5.2160 

5.0264 

Observed anode decrement , grams of mercury : 

Cell 1 . . 

5.217 

5.0245 

('ell 2 . 

5.215 

5.0261 

Cell .3 


5.0261 

Per cent deviation . 

0 (K) 

-0.018 


is seen that the deviation, allowing for the uncertainty of the value of the faraday, 
is within 0.03 per cent. 

When the cathode increment was studied, connections were reversed and the 
cup was used for the cathode, with the same operations. The decrement in 
grams of mercury at the anode and the increment in grams of mercury at the 
cathode w- ere measured w hen the same current passed through identical electrodes 
for the same length of time. The anode decrement w^as found to be greater than 
the cathode increment, by 0,15 per cent at 0.75 amp., and by 0.25 per cent at 
0.3 amp. 

Several coulometers differing only in anode area were connected in series in 
order that an identical current would pass through each one. The precision and 
the accuracy fell off at low^ current densities and for runs of long duration, 3-24 hr. 
The deviation of the anode decrement from the predicted value w-as^ound to be 
inversely proportional to the current density. The discrepancies at low current 
densities, attributed to air oxidation, were found to disappear when a stream of 
oxygen-free (7) nitrogen w’as bubbled continuously through the electrolyte to 
flush out all the dissolved oxygen. These w^ere placed in series with other cells. 
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similar in all respects except for the absence of a nitrogen stream. A discr^ancy 
of 12.4 mg. of mercury, the difference in anode decrements between cells flushed 
with nitrogen and those that were not flushed with nitrogen, was found during a 
24-hr. run at a current of 0.11 amp. for an anode area of 4.5 cm.^ When the same 
experiment was tried at a higher current density, this discrepancy was reduced to 
less than 1.5 mg., a value which is within experimental error. At a current 
density above 0.1 amp./cm.^ (anode) the error due to oxidation was found to be 
within experimental error and it was not necessary to flu^ out the cell with 
nitrogen. 

Having established that oxidation is important only at the lower densities, the 
upper limit of the current density was determined. This was accomplished by 
placing in series cells having different anode areas, always having in the series one 
current density that had previously been established as accurate. The currents 
up to 3.4 amp. (0.75 amp./cm.*) were found to give accurate results. At the 
higher current density the resistance of the cell is large enough to raise the tem- 
perature of the electrolyte considerably (to about 75°C.). When the current 
was raised above 3.4 amp., mercuric ion was formed faster than the iodide ion 
could be furnished, and precipitates of mercurous iodide and mercuric iodide were 
formed on the anode surface. 


aXJMMARY 

A new type of mercury coulometer has been developed having an accuracy of 
better than 0.03 per cent. Liquid mercury is used for both anode and cathode 
(electrical contact being made with nickel electrodes). The electrolyte is a solu- 
tion of mercuric iodide in excess potassium iodide. This coulometer is very easy 
to construct and all the materials are readily obtainable. Chemicals need be of 
only ‘‘reagent grade’^ and require no further purification. These conditions make 
this coulometer much more convenient than the silver or iodine coulometers, 
except when accuracy of the order of 0.002 per cent is required. 

The maximum current measured was 3.4 amp., which corresponded to a cur- 
rent density of 0.75 amp./cm.^ Below a current density of 0.024 amp./cm.^ the 
accuracy fell off, but was better than 0.1 per cent. 

The authors wish to acknowledge the valuable aid and assistance of Professor 
F. D. Martin. 
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The transmission pattern of indium hydroxide has been studied with the object 
of gainirifi; furthcir information as to the nature of the yellow precipitate obtained 
upon t,hc addition of potassium chromate to an indium chloride solution. The 
present, investigation substantiates the contention previously held by the author, 
that the y(*llo\s’ prec'ipit-ate long believed to be indium chromate is really the hy- 
droxide of indium, with a variable amount of adsorbed chromate. Several 
studies of the diffraction patkirns of indium hydroxide have been made, emphasiz- 
ing tluj effect of cluingc^ of tc^mperature on the degree of hydration and in turn on 
the diffraction of x-i'iiys. This factor was omitted completely in this paper, 
which was rather intended t-o Ih^ a comparative study of indium hydroxide as 
precipitat(‘d from indium (chloride solution by means of ammonium hydroxide 
and of potassium (*hromat(‘, under similar conditions, and to demonstrate the 
close identity of th(^ two precipitates. 

KXPERIMKNTAL 

Crystals of indium hydroxides weu’e prepared by the addition of ammonium 
hydroxide* to an inelium e*hle)rid(* solutieni which was bremght to the boiling pe)int 
and ke*pt at ai)j)roximat(‘]y lOO^C. for semie time in e)rel(*r te) assure pivcipitation 
of well-fe>i*meel indium hydreixide* crystals, which w(*re afterwarels elried at room 
te*m})CTature. The* substance* te) l>e ce)mpar(*d with it was prepareel by the addi- 
tie)n e)f potassium eiiromate to indium eiiloride, with subseciuent similar tre*at- 
m(*nt. iiiese* two j)recipitates will be referred to bele)w as hydroxide A and hy- 
dreixiele B, res})(*ctively. 

The demsity of hydroxide A was determined to be 4.4 zt 0.13. 

The transmission patterns were obtainenl fre)m hyelroxiel(*s A anel B, as well as 
from hydroxide* B after dig(*sting it for 2, 4, and () days, in view^ of previous experi- 
ments t(*nding te) show' the sorption e)f chromate by the hydroxide. 

X-ray eliffraeiion patterns were* obtaineel by the usual powder method. The 
eaystals were sprinkl(*el on a e*olle)dion-ce)ate*d fine glass roel which was niount(*el 
e)n the stage of the* 71.02 mm. e*amera of the Picker x-raj^ machine. Radiatie)n 
was obtaine*d from an ire)n target filteiXMl with manganese eixiele foil. The axa^ 
eloublet w as not re'solvenl in this e*ase*. The films were inounteHl in the ordinary 
manner. ]4m*s were me*asureHl f,e) dr 0.02 mm. at the darkest part e)f the line. 

RESULTS AND DISCUSSieiN 

A comparison of the eliflractie)n patterns of indium hydroxiele*s A and B proved 
themi te> be alike in every detail. Both kinds vshow’ a simple pattern resembling 
the line system given by cubic; materials. 
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On this assumption, then, the formula 

__ Oo 

d = VA2+ A:2+ 


may be employed to calculate the lattice constant ao. This value will depend on 
the values of \/h^+ 1^'^+ Z- assigned to the observed diffraction lines. If the 




Fig. 1. X-ray diffraction patterns of indium hydroxide: (a) precipitated with ammonium 
hydroxide; (b) precipitated with potassium chromate. 


TABIJO ] 


hkl 

1 djn (cALcn.) 

1 djn ) 



3.050 

! 3.880 

1 

vs 

210 

3.533 

1 3.. 506 

vvw 

211 

3.224 

i 3, UK) I 

vvw 

220 ! 

2.703 

2.767 

s 

310 

2.408 

2.408 i 

vvw 

222 

2.280 

2.266 

m 

400 

1.085 

1 070 

m 

420 

1.765 

1.773 

1 s 

422 

1.613 

1.613 

1 s 

440 

1.307 

[ 1.390 

t 

w 

600,442 

1 316 

1.321 

» 

620 

1.240 

1.253 

s 

622 

1.101 

1.196 

s 

631 

1 1.165 

1.170 

vvw 

444 

1 1.140 

1.145 

vw 

640 

1 1,006 

1.101 j 

111 

642 

1.056 

1.061 1 

vs 


stronger lines visible in figure 1 arc indexed as \/4, \/8, \/12 . . . , all lines can be 
accounted for, whereas the assignment of the values Vl, \/2, V3 would exclude 
the faint lines indexed as 210, 21 1 , 310, and 031 in table 1. The lattice constant 
is then found to be 7.90 i 0.04 A. 

The crystal structure of indium hydroxide may be assumed to be simple cubic, 
in view of the characteristic appearance of the diffraction pattern. The number 
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of molecules of In(0H)3 per unit cell of lattice constant 7.90 A. would be eight. 
The values agree with those reported previously by W. O. Milligan.^ Table 1 
compares observed and calculated interplanar distances, on the basis of Oo = 
7.90 A. and eight molecules per unit cell. 

SUMBIARY 

X-ray diffraction data indicate that’ the yellow compound precipitated upon 
the addition pf chromate to indium chloride has a crystalline structure identical 
with that of indium hydroxide, and furnish further evidence for the fact that no 
indium chromate is precipitated in this reaction. 

The cubic crystal structure of In(OH )3 has a lattice constant of 7.90 zh 0.04 A. 

The appreciation of the author is due to Professor W. F. Ehret and Harry 
Wiener for their constant interest and assistance and to Professor I. Fankuehen 
for some A'aluable discussions. 
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INTRODUCTION 

Direct optical evidence of the dipolar nature of amino acids was furnished first 
by Edsall (3) in his studies of the Raman spectra, of these substances, Raman 
frequencies of the carboxyl group of the amino acids definitely coincided with 
those observed for the alkali salts of aliphatic acids rather than with the values 
obtained with the non-ionized acids. Additional optical evidence of the dipolar 

' Abstracted from a portion of the thesis of D. M. Gruen, which was presented to the 
Faculty of the Graduate School of Northwestern University in partial fulfillment of the 
requirements for the M.S. degree, March, 1947. 
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character of the amino acids has been obtained in infrared studies by Freymann, 
Freymann, and Rumpf (4). Their investigations of N — H frequencieB, pri- 
marily in tile region from 0.8 to 1 .2 showed the presence of quaternary nitrogen 
atoms in the neutral amino acids. 

Though some measurements have been made of the absorption by amino acids 
of infrared radiation above 3 m (6, 6, 9), no systematic attempt has been reported 
to complement the Raman work by corresponding investigations of the absorp- 
tion frequencies of the carboxyl group in the 6 n region of the infrared. The 
present studies show that the infrared bands parallel quite closely those found in 
Raman scattering. In addition, investigations have been made of spectra of 
complexes of the amino acids with sodium dodecyl sulfate as a prelude to the 
study of analogous complexes with proteins. 

EXPERIMENTAL 

Infrared absorption spectra were obtained with the Beckman Infrared Spectro- 
photometer, Model IR2. The wave-length scale was calibrated with methyl- 
cyclopentane, the infrared absorption spectrogram No. 510 of the American 
Petroleum Institute Research Project 44 of the National Bureau of Standards 
being used as the reference standard. The instrument was operated in a room 
near 21‘’C. and at a relative humidity below 45 per cent. Water from a thermo- 
stat at 25°C. was circulated through the spectrophotometer. All reported ab- 
sorptions were recorded manually, though some data were obtained also with 
an automatic recorder. 

Films of the amino acids were deposited on various supporting materials by 
evaporating 1 cc. of a 1 per cent aqueous solution in a vacuum desiccator contain- 
ing phosphorus pentoxide. The most successful supports for the films were 
silver chloride plates made by the Harshaw Chemical Company. These slides 
of about 1-mm. thickness transmit over 80 per cent of the incident radiation, at 
least up to 10 m- Satisfactory spectra were obtained also with polythene sheets 
of 0.005-mm. thickness, but this material was less convenient because it has 
steep absorption bands at 3.45 and 6.90 1 * due to C — H vibrations. 

Some samples were prepared also by grinding the amino acid in an agate 
mortar and dusting the powder on to the carrier slide. 

Spectra of caproic acid, caproamide, and isohexylamine, respectively, were 
obtained in carbon tetrachloride solution at a concentration of approximately 
0.01 molar. The thickness of the solution in the optical path was 0.1 mm. 

All of the amino acids were of reagent grade. The sodium salts were obtained 
by adding an equimolar quantity of base, and the hydrochlorides by treatment 
with an excess of hydrochloric acid. Creatinine and creatine were kindly fur- 
nished by Professor Byron Riegel and were recrystallized from alcohol and water, 
respectively. A very pure sample of methylcyclopentane was kindly furnished 
by Professor H. Pines and Dr. B. M. Abraham. It had a refractive index of 
1.4100. Isohexylamine was a reagent-grade sample with a boiling point of 122- 
123®C. Its hydrochloride was prepared by passing gaseous hydrogen chloride 
into an ether solution of the base, washing the precipitate with alcohol and water, 
and drying. 
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The sodium dodecyl sulfate was a specially purified sample generously supplied 
by the Fine Chemicals Division of the du Pont Company. 

RESULTS AND DISCUSSION 
1. Amino adds and related compounds 

In confirmation of previous work (2), the absorption of C— 0 in the unionized 
carboxyl group was established at 5.8 /;*, as is evident in figure 1. The other ab- 
sorption bands of caproic acid, at 7.00 and 7.80 m, niay be attributed to the 
— CHa — and — C — 0 — groups, respectively. The spectrum of the ionized car- 
boxylate group, on the other hand, lacks the 5.8 /x band and absorbs instead at a 
frequency corresponding to 6.45 /x* Similarly, the 7.8 /x band, which generally 



Fig. 1. Infrared spectra of caproic acid and sodium caproate 

occurs with a — C — O — group in which the carbon has an additional double 
bond (1), is no longer present in sodium caproate. On the other hand, the 7.0 /x 
band remains, as one would expect if it is due to the methylene groups. 

In glycine, valine, and norleucine, a strong band appears at 6.3 /x (figure 2). 
In each one, therefore, the carboxyl group exists in the ionized form. Further- 
more, as one would expect, the formation of the sodium salt of each of these amino 
acids does not affect significantly the position of the 6.3 m band, for on the zwitter- 
ion model the removal of the hydrogen is from the ammonium group and not • 
from the carboxyl. Similarly, the formation of the hydrochloride of the amino 
acid produces a band below 6,3 corresponding to the formation of an unionized 
carboxyl group. For glycine and valine hydrochlorides, respectively, the union- 
ized carboxyl band appears near 5,8 ax> as is found in caproic acid. For norleucine 
hydrochloride, however, the absorption peak occurs at 6.05 /x- It seems likely 
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1*IG. 2. Infrared spectra of some amino acids, their hydrochlorides, and their sodium salts 
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that this displacement from the normal position is due to an arrangement in the 
crystal which is particularly favorable toward the formation of hydrogen bonds, 
for a similar situation is encountered with caproamide (figure 3). In dilute 
solution a band appears at 5.9 near the expected position for a C==0 group. 
In the solid, however, a decided displacement to 6.05 m is evident. In view of 
x-ray evidence (8) that amides are strongly hydrogen-bonded in the solid state, 
it seems likely that this factor is also responsible for the shift in frequency of 
the C=0 vibration as one goes from dilute solution to the solid. A shift in the 




Fin. 3. Effocl of slate on infrared spectrum of caproamide 
‘ Fio. 4. Infrared spectra of creatine and creatinine 

same direction has been observed in acetic acid dimers (2), which are also held 
together by hydrogen bonds. 

It is of interest to note (figure 2) that both glycine and valine hydrochlorides 
show bands at 6.30 m, and that norleucine hydrocldoride shows a hump in that 
region. This absorption frequency is probably due to an N — deformation 
vibration (7), for it is apparent also in caproamide (figure 3) and in creatinine 
. (figure 4), neither of which has a free carboxylate anion. A distinct band in 
this region is also found in isohexylamine and its hydrochloride (figure 5). 

An absorption band near 7.55 m also occurs in each of the amino acids, as well 
as in creatinine and caproamide, and it too may be related to an — ^NH vibration 
of some form. 
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All of the amino acids give some indication of a band near 6.8 yt, apparently 
due to the methylene group. Several also show absorption near 7.1 y, corre- 
sponding to the Raman frequencies observed by Edsall (3). 

The absorption spectrum of creatine, 

• +NII, CH, 

HjNC 




Fig. 5. Infrared spectra of isohexylamine and its hydrochloride 
Fig. 6. Infrared spectra of some alkyl sulfates 


(figure 4) with its C==0 band at 6.25 /i, is clear evidence for the dipolar nature of 
this molecule also. In contrast, creatinine, 

NH OHa 

II I 

HNC NCHjCW) 

I I 

has its C==0 band at 5.95 y, as one would expect from the accepted structure if 
due recognition is given to hydrogen bonding in the solid state. 

2, Complexes with sodium dodccyl sulfate 

The spectra of sodium dodecyl sulfate and two related compounds, sodium 
propyl sulfate and dipropyl sulfate, are recorded in figure 6 for reference in 
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connection with the discussion to follow. The large band at 8.05-8.20 due 
to the — 0S08~ group, should be noticed in particular. 

The interactions of some amino acids with sodium dodecyl sulfate are evident 
from phenomena as gross as precipitation reactions. Thus, arginine hydro- 
chloride may be precipitated from an acidified aqueous solution by the addition 
of dodecyl sulfate. It seemed of interest, therefore, to examine the spectrum of 
this complex to obtain information on the nature of the binding forces. The 
relevant spectra are illustrated in figure 7. It is apparent that the 'relative ab- 
sorption of the 6.05 M band is reduced in the complex, since a valley is now per- 



Fig. 7. Infrarod spectra of arginine hydrochloride and its complex with sodium 

dodecyl sulfate. 

ceptible between it and the shoulder at 6.65 /ii. This may indicate a disturbance 
of the — NH frequency in this region, but since the latter is strongly over- 
shadowed by the carbonyl band, it is difficult to obtam direct evidence of any 
interaction involving the quaternary nitrogens of the amino acid. The sulfate 
band at 8.35, however, seems much broadened and somewliat displaced toward 
highftr wave lengths in the complex as compared with the free state. Such a 
displacement would be in general agreement with that mentioned previously 
for C==0 groups when hydrogen-bonded. The appearance of a band at 6.85 ft 
in the complex is presumably the result of the methylene group of the added 
dodecyl sulfate. 

Otiier amino acids, such as glycine or valine, are not precipitated by sodium 
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dodecyl sulfate. Nevertheless, it is feasible to exanune the possibility of iater- 
actions by obtaining spectra of evaporated aqueous solutions of the respective 
amino acid (or its salt) and sodium 'dodecyl sulfate in a 1:1 mole ratio. With 
the hydrochlorides or sodium salts of glycine or valine, no significant changes 
could be detected. The neutral amino acids, however, did show a small shift 
(0.1 ft) in the 6.3 ft region, the band in the complex being at a lower wave length. 
Such an increase in frequency of the C=0 group may indicate its release from 
hydrc^n bonding in the crystal, presumably owing to competition by the sulfate 
group. 

In all these cases, however, the changes observed in the presence of the sodium 
dodecyl sulfate are small. It is thus evident that the bonds formed are primarily 
of electrostatic nature, though some accompanying disturbance of the CO— -HN 
bond is also involved. 


SUMMARY 

ft 

Infrared spectra in the region of 5 to 9 m are reported for glycine, valine, and 
norleucine, their sodium salts, and their hydrochlorides. By comparison with 
corresponding bands in caproic acid and caproamide, the dipolar nature of the 
amino acids is again evident. Similar conclusions may be reached for creatine. - 
Creatinine, however, shows the spectrum to be expected for an amide. 

The spectrum of arginine hydrochloride, as well as those of glycine and valine, 
undergoes small changes when complexes are formed with sodium dodecyl sulfate. 
Some disturbances in hydrogen bonding are indicated. 
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INTEODITCTION 

The surface tension of solids has always been regarded as a metaphysical 
property and no real existence has been attributed to it. However, Pierre Curie 
over half a century ago gave a great deal of thought to tliis and emphasized its 
importance, as can be seen from his Oeuvres (collected papers published by the 
Soci6t6 Frangaise do Physique). Owing to his premature death and want of 
a method of measurement, no further progress could be made. Only after 
prolonged research by the author on surface tension relations between two phases 
has it been possible to devise a method and thus open up a new line of research. 

The surface tension of solids can be easily measured if it is possible to find fluids 
whose surface tension is nearly equal to that of the solid in question and can be 
made larger and smaller by the addition of a third substance. If tlu^ surface 
U‘nsion is larger, the liquid does not wet the solid ; but if it is smaller, the liquid 
adheres to it. By changing the concentration of tlic third substance in the liquid 
by small increments, one can reach a point where the liquid just begins to wet the 
solid. At this point, the surface tension of the solid is equal to that of the liquid, 
whose surface tension can be measured by known methods. Among transparent 
liquids water has the highest surface tension, about 75 dynes 'em. There is 
therefore no means of applying the above method to solids of higher surface 
tension. 

It was found, however, that by mixing edible oils with some pigments, pastes 
could be obtained having enormous surface tensions. By varying the pigment 
concentration one can prepare pastes which will wet a given solid, or otherwise. 
This can serve for measuring the surface tension of such solids as glass, rock salt, 
etc., if a method of measuring the surface tension of these pastes can be found. 
Neither the capillaiy nor tluj drop method can b(' used, owning to the vis<*osity 
of the pastes. 

It was found that this can l;e done by means of the breaking stress method. 
This is not obvious at first glance, because it has never been made clear whether 
or not the frictional forces responsible for viscosity add to the effecits pnKhiced 
by molecular forces, which are the primary cause of surface tension. 

EXPKUIMENTAL PROCEDVHK 

The problem of surface tension presents difficulty for two reasons. ( )ne is due 
to purely theoretical misrepresentation of the subject by many authors. The 
other is due to the limitations imposed upon us by nature in devising suitable 
experimental methods for measuring the same. I was (confronted with these 
difficulties from the early days of my scientific activities. In those days there 
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was only one authority in this fidd, G. Quincke in Heidelberg, and I learned the 
e^peiimmtal technique directly from him. One of the first experiments I per- 
formed in his laboratory was that with two rods, as diown in figure 1. Rod A 
is fixed in position. Rod B is canying a tray. If the rods A and B are brou^t 
together and moistened with a liquid, they will adhere to each other. By placing 
small weights on the tray one can detach the two rods; the weight necessary and 
sufficient to produce separation of the rods by formation of the film of the liquid 
or by rupture of the same, divided by twice the length (1) of the rods (because 
there are two surfaces) and multiplied by the acceleration due to gravity is the 
value in dynes per centimeter of the surface tension of the liquid. 

The next experiment was done by the capillary method, which gave substan- 
tially the same figures as the above method for oils. It was found that for oils 
it is much better to use the apparatus shown in figure 1 than the capillary method. 

The opinion is widely held that the breaking stress method does not sdeld a 
true measure of surface tension because of viscosity effects. To refute this view 
new experiments were carried out with olive oil by both methods. The capillary 


I • 



Fig. 1 


method presented its own difficulties. Thus, using a capillary of 0.02-cm. radius 
no results at all could be obtained, because the liquid was too viscous and did not 
respond to changes in the position of the capillary when it was moved up and 
down. With a capillary of 0.056-cm. radius the capillary rise could be measured 
as a definite parameter, because the liquid immediately followed all *‘hnngpg in 
the position of the capillary. The best procedure was to tilt the capillary and 
then put it in an upright position. The liquid goes down a little and gives a 
meniscus, wetting the capillaiy bore with a contact angle equal to zero. Thus 
at about 25‘’C. the surface tension, y, was found to be 36.31 dynes/cm. The 
capillary rise was 1.71 cm., large enough for accurate readings. 

The breaking stress experiment was repeated five times; the average value 
producing the breakage of the film was found to be 0.173 g. ITie individual 
readings occasionally show large deviations, but the average of another five lead- 
kigs gave very nearly the same result, l^e mass of the rod B with the tray was 
0.291 g. Thus 0.291 -|- 0.173 = 0.469 g. was necessary to detach the two rods 
from each other. The length of rod A was 6.60 cm.; whence 

y — — jg-QQ — = 35.38 dynes/cm. 
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One would expect a much higher figure if viscosity had something to do with it, 
but instead this figure is 2.5 per cent lower than that obtained by the capillary 
rise. 

The same sample of oil stood a week open to the air although protected from 
dust. After this a capillary experiment gave 7 = 37.50 dynes/cm., and the 
breaking stress method gave 7 = 36.45 dynes/cm. Both figures were higher than 
the previously described results. This is probably due to moisture, which in- 
creases the surface tension appreciably. As in the previous case, the breaking 
stress figure is about 2.7 per cent less than the capillary rise figure. 

If one takes the figures obtained by the capillary method as a standard, one 
can increase the breaking stress value by 2.6 per cent and obtain values accurate 
to within 0.1 per cent. The agreement between the two methods is good, con- 
sidering that different methods of measuring surface tension do not give agree- 
ment very much better than this (4). Thus the breaking stress method can 
yield accurate values, and it is sometimes the only method which can be used for 
measuring the surface tension of viscous fluids. In some cases a still better 
demonstration of the utility of this method can be given. If, for example, one 
takes soaps, the weighj;s applied do not produce rupture of the film, but a film of 
large area of the liquid may be produced while the lower rod is separated from 
the upper one. By reducing the weights one can observe shrinkage of the film, 
and can demonstrate the reversibility of these effects by repeating the experi- 
ment several times. In the case of olive oil the breakage of the film takes place 
practically immediately when one rod separates from the other; therefore experi- 
ments as above are hardly possible, but comparative experiments supported by 
numerical data show that the method is good. 

The question therefore arises as to whether or not the same method is still valid 
if the viscosity of the fluid increases very much. It was found that, by adding 
finely divided pigments to the oil, pastes could be formed having a greatly in- 
creased breaking stress (2). With increased concentration the viscosity also 
increases, but there is every reason to believe that the increase of breaking sfress 
is exclusively due to molecular forces. Some of these reinforced pastes are 
capable of forming films which last some time after the separation of the two rods. 
They are so thin that they are translucent; they can shrink and have all the 
characteristics of a liquid film. They are so thin that their other properties, 
such as viscosity or rigidity, do not make themselves felt. They cannot be uni- 
molecular in thickness, because the particles of the pigment are of much greater 
dimensions. Particles of the finest pigments have an estimated diameter of 
0.1 n, which is well above molecular dimensions. 

There is another argument. Some powders do not reinforce oils at all, or very 
little. To this category belongs, for example, finely divided carbon. At high 
concentrations of the pigment the paste is very stiff, but the breaking stress 
determination gives figures characteristic of pure oils. Of course the experiment 
must be conducted very slowly. In this case the field of force causing the rein- 
forcement is absent. Substances like carbon black do exhibit this field of force, 
which reinforces very highly, but this is not pure carbon. The reinforcement 
depends also on some ingredients in edible oils, not yet identified. 
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Generally speaking, any fluid system is suitable for these experiments. The 
temperature coefficient of viscosity is generally large, whereas that of surface 
tmsion is very small. Thus, very often it pays to raise the temperature during 
these experiments. For e^tample, butter is quite stiff and even brittle at low 
tmperatures, but with elevation of temperature it approaches a fluid in its 
characteristics. 

But the most important evidence in favor of the view that the increase of 
breaking stress is due to molecular forces and not viscosity is this; When pastes 
with different predetermined breaking stresses are pressed through a capillary 
made of a given solid, up to a certain value of breaking stress they leave behind 
a visible film of paste on the capillary walls. This film is by no means unimolec- 
ular and can be compared with the case of water wetting clean glass; if the surface 
(rf the glass is inclined, the drops of water leave a visible layer which is not at all 
thin. When the breaking stress exceeds a certain value, the paste does not adhere 
to the material of the capillary wall. The transition point, which can be located 
fairly accurately with due patience, is (characteristic of the solid. Thus, using 
ordinary glass, or lead glass, different constants are obtained, but the same 
figures have been obtained with different pastes. With ordinary glass the 
transition takes place when the breaking stress of the paste is 130 dynes/cm. 
One paste may be more fluid than another, but its breaking stress determines this 
phenomenon, not its viscosity. These experiments make it clear that 130 
dynes/cm. is the value of the surface tension of glass, which is a constant charac- 
teristic for a given material independent of the nature of the paste. 

At the time when these experiments of mine were published, there was no 
standard of comparison with which to determine whether or not pastes with high 
breaking stress owed this property to surface tension. Since then the work of 
Loman and Zwikker (7) has appeared, based upon an entirely different theory, 
which gave the value of 135 dynes/cm. for the surface tension of glass. This 
figure is a good confirmation of mine. Subsequently, a paper by Saal and Blott 
(8) criticized very sharply all work done on surface tension of solids, with the 
conclusion that nobody has ever succeeded in measuring the same. 

Loman and Zwikker^s work was criticized on the groimd that the values of 
contact angles vary with time. This may be a factor affecting the result to a 
certain extent, but the fact that it so closely coincides with my value makes me 
believe that their method is substantially correct. Saal and Blott ’s criticism of 
my method is based upon a misunderstanding. They attribute to me the use of 
what they call ^^Antonoff^s method of flat meniscus,” which I have never used 
nor can I see how it could be used. I make mention of it in my writings only in 
connection with the critical region. The flat meniscus there is evidence that the 
vapor has a surface tension equal to that of the liquid. Loman and Zwikker 
also attribute to me the same error and thus think that my figure should be 60 
dynes/cm. Neither of them understood my method. 

My work originated as a result of experiments with beeswax and paraffin. 
They were done in two ways. Drops of solution of various concentrations were 
discharged on inclined surfaces of either paraffin or beeswax. Water does not 
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leave any trace. Only when the surface tension of a solution falls below a certain 
value does the solution begin to wet the solid. At this point the surface tension 
of the fluid is equal to that of the solid. 

According to another method a capillary tul)c coated with paraffin was placed 
in solutions of isobutyric acid in water of various concentrations. Instead of 
rising water gave a capillary depression, just as mercury in glass. Solutions rich 
in acid did the reverse. At a certain concentration there was neither a capillary 
rise nor a depression. At this point the solution has a surface tension equal to 
that of paraffin. Both methods give the same results. In both cases the time 
factor does not affect the results appreciably, because the contact with the solids 
can be made of very short duration. On standing, water begins to wet paraffin. 
In both of these methods the problem of a flat meniscus does not arise at all. It 
is true that in the capillaiy at the transition point the meniscus is flat, but this is 
not easy to observe, and I based my conclusions on the absence of any capillary 
rise or fall. I therefore cannot understand at all why the Dutch authors gave 
such a wrong interpretation to my work. 

To make sure that the above figures were good, capillary experiments were 
undertaken with molten paraffin at two temperatures. By extrapolation to the 
melting point a figure of the order of magnitude expected was obtained. 

It is obvious that neither of the two methods described is applicable to pastes. 
But the method of forcing the paste through a broad capillary of the material in 
question joined to a narrow capillaiy, showed itself to be quite satisfactory. The 
proof that we are dealing here with a capillary phenomenon is given by the fact 
that if one uses a tube with a somewhat larger diameter the air makes its way 
through the paste. But when capillary forces make themselves felt, the suc- 
tion causes a slow movement of the paste through the capillary. It should be 
mentioned that purity of the capillaiy’^ is of no importance, because the paste 
rubs out all impurities present at the beginning of the experiment. Here again 
the question of the flat meniscus does not arise at all. In these experiments it 
is not easy to specify the diameter of the capillary to be used. 

THEORETICAL CONSIDERATIONS 

My work on surface tension of solids was criticized adversely by H. Frcundlich 
(6). The theory was found ‘Vorlaufig unsicher,’’ i.e., provisionally uncertain, 
but no explanation was given. AVhen I asked about the reasons for such an 
opinion, the late H. Freimdlich did not know anything about it, because the 1930 
edition of his KaptUarchemie was edited by J. J. Bikerman. 

My theory has originated as a result of my work on liquid-liquid systems, for 
which I formulated a definite law: 

71 72 = 712 ( 1 ) 

where 71 — the surface tension of one liquid layer, 72 = the surface tension of the 
other liquid layer, and 712 = the interfacial tension. This law is valid only when 
the system is in equilibrium. In the course of time it has been adversely criti- 
cised by many authors. This was, however, due to the fact that the concept of 
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equilibrium was not rightly understood. The whole subject was clarified as a 
result of an attack by W. D. Harkins. I had no diificuliy in showing that the 
time factor has to be considered in establishing the equilibrium; itdepends upon 
the formation of aggregates of high comple.Yity, which takes time. Thus the 
large deviations from equation 1 observed by many authors are due to the fact 
that the systems were not in equilibrium ( 1 ). 

As this is a law of equilibrium it is immaterial whether or not the substances 
used are chemically pure. The equilibrium is bound to establish itself, but with 
chemically pure substances the process is sometimes much slower, owing to the 
lack of such impurities which may accelerate the attainment of equilibrium 
cataJytically. 

. There is no doubt that a relation of the same form is valid at the interface 
solid-liquid. In this case, however, there is no equilibrium and the same symbols 
mean surface tensions of pure substances at the moment of contact. The subject 
presents difficulties for investigation for want of methods; but important con- 
clusions can be drawn from analogy with liquid-liquid systems which are best of 
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all suited for experimentation. From a study of the critical region in liquid- 
liquid systems it becomes clear that there the two layers have the same surface 
tension, and that the interfacial tension is zero. Therefore 

7i ~ 72 == = 0 (2) 

which is a special form of relation 1 . In liquid-solid systems a similar relation 
ought to be valid, but the difficulty is that of the three quantities we can measure 
experimentally only one, viz., the surface tension of a liquid. We have no means 
of measuring 712 . But if we can create conditions wherein 71 — 72 = 0, the 
problem becomes definite, because then the surface tension of the liquid is equal 
to that of the solid. Thus if we know the surface tension of the fluid, that of the 
solid will also be known. The work of Loman and Zwikker gives ample con- 
firmation of the above theory. They were surprised by the fact that the relation 
works so well, whereas in liquid-liquid systems considerable deviations were 
observed. At the time these authors did not know to what these were due, and 
that they could easily be eliminated by bringing the system into equilibrium. 

In considering the above results one must ascertain whether or not any changes 
of properties take place when the two media are placed in contact, and whether 
such dianges are due to special orientation. When two liquid phases are in 
equilibrium, there is no room for any orientation. Langmuir ( 6 ) thou^t tiiat 



SURFACE TENSION OP SOLIDS 


975 


deviations from Antonoff's law could be explained in that manner. But I 
showed definitely that these deviations disappeared when the system was brought 
into equilibrium. The essential feature of equilibrium is the condition that the 
two phases contain an equal number of particles per unit volume (1). This 
means that some of them are aggregates of a very high degree of complexity. If 
these particles can be regarded as dipoles, they must be equidistant, as in figure 
2; the dipoles in the two phases differ in length, but they are so situated that there 
is no reason why they should be distorted and deviated from their positions, as 
in figure 3. 

In liquid-solid systems where there is no ecjuilibrium, as in the case paraffin- 
water, the situation is different. The dipoles in the two media are not equi- 
distant as a rule (although it may be so in some individual cases). Thus one 6an 
expect distortion and change of properties with time, as in figure 3. 

Therefore, experiments with paraffin and water or aqueous solutions were per- 
formed dynamically. 

In the case of pastes, no changes with time were observed, although it jvas 
found that if the breaking stress experiment was repeated many times in succes- 
sion, there was a change in the properties of the system. This is possibly a 
thixotropic effect or is due to electrification in the case of highly insulating oils. 

CONCLUSION 

The above considerations show that this method of measuring the surface 
tension of solids is quite sound. The criticism raised by various authors does 
not deserve serious consideration. The Dutch authors should withdraw their 
objections, since they were based upon a crude misunderstanding. J. J. Biker- 
man expressed himself adversely about the theory in the last German edition of 
Freundlich’s KajyiUarchemie because he did not understand it correctly (5). And 
his tendency to minimize the importance of molecular forces and to overempha- 
size the effect of viscosity (3) is in contradiction to the elementary theory of sur- 
face tension. Moreover, all evidence herein before detailed shows that the 
effect of frictional forces does not come into question at all. 
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• 

The object of this paper is to review some experimental data on flow bire- 
fringence (4) with the purpose of exploring the possibilities of flow birefringence 
measurements as a secondary method of determining the molecular weights of 
high polymers. This method appears particularly attractive, since it gives two 
different types of average molecular weight, instead of one as with the intrinsic 
viscosity. One average is obtained from measurements of the extinction angle, 
the other from the birefringence. The t3i)es of average obtained will be later 
discussed. 

It has berax shown (16) that for polydisperse systems of any type, with no 
interaction between components 


tan 2’f' 


A< sin 24'< 

_< 

2 A< cos 2^, 

< 


( 1 ) 


and 


A* = (]C A< cos 24',)* -f (]C A< sin 2^,)* (2) 

< i 

where is the extinction angle and A b equal to n, — no, the difference in prin- 
cipal refraction indices for the birefringent solution. 

These equations have been experimentally tested (17), the agreement being 
excellent for a mixture of cellulose acetates in cyclohexanone, but only fair for 
mixtures of methyl cellulose and sodium thymonucleate in water, at finite 
concentrations. 

The various quantities in equations 1 and 2 have been expressed in terms of 
molecular constants for the case of rigid ellipsoidal particles by Boeder (1), 
Peterlin (13), and Peterlin and Stuart (14). These equations have been used to 
interpret the data for various protein solutions (7). They will be modified for 
the case of threadlike polymers. 


tan 24'i 
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a< 


Ai 


(n, — no)4 


2arc, 
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These relationships hold for values of 

G 


(3) 

(4) 

( 5 ) 
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which are not excessively large. Here ©»• == (©&) the rotary diffusion constant of 
species i with major axis a, and minor axis 6. G is the velocity gradient. gi — ^2 
is a function of the particle shape and of the refractive indices of the particle 
and of the solution. For sufficiently long particles it is constant. For©i (12) 




3/cr 

1 6 iri;a^ 


-1 +21n 


2ai 

Ti 



( 6 ) 


The symbol ri refers throughout to the viscosity of the solution. 

For the case of rigid ellipsoidal molecules it then follows that for long molecules 
at low gradients and concentrations 


CL^ = 



( 7 ) 


where Xt is a weight fraction. This equation is as accurate as equations 3-6 for 
parti(jles having the same / = a/b; for very long particles it is also true when all 
particles have the same minor axis but varying major axis. For the Lansing- 
Kraemer (10) and Schulz (18) distribution functions this expression is equal to 



22 (Axi 



— • 

(Xi Xi 

f 

(8) 

By the use of the birefringence 



(Ia ~ 
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t 

( 9 ) 

For the equation of Schulz this is 



cla = 

(cite Ctg (If-j-i) 

(10) 


where 


dw 




Xi Ofi 3 



a* , 

XiGi 


etc. 


For the equation of Lansing and Kraemer this becomes equal to a,. 

It can be now seen that flow birefringence results can be expected to give very 
high weighting of the molecular length. If / == a/h is constant, equations 7 and 
9. yield M, and respectively, for the average molecular weight If b is 
constant while a varies, the averaging of the molecular weight and length is the 
same. 

It is proposed that the quantities 


be defined in analogy to the intrinsic viscosity. Here w 


^ These quan- 

4 
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titles have previously been discussed in terms of a theoretical model by W. Kuhn 
and H. Kuhn (9), although no extrapolations to zero concentration and gradient 
were made. The use of these quantities in characterizing colloidal materials 
would eliminate questions of the correctneM of equations 1 and 2 at finite concen- 
trations and the dependence of w on (? at high rates of shear except as this affected 
the extrapolation to G = 0. For the rigid ellipsoidal model 

[A] = Kxo’ . (11) 

M = Kaa* (12) 

and for polydisperse systems equations 7 and 9 would apply. 

For rigid randomly kinked pol 3 nner 8 one would expect an effective value of a 
to be proportional to (6) and 

lA] = (13) 

[«] = (14) 


For polystyrene, at least, calculations made from the intrinsic viscosity by 
Debye (2) show that the chain is more extended in solution than would be ex- 
pected from proportionality to the square root of the molecular weight. Hence, 
the exponents would be expected to be larger than 3/2 for this material. How- 
ever, as the molecular weight increases, a “shielding” effect occurs (2) which 
would increase the rotary diffusion constant for a given molecular weight, .since 
we now have less effective chain length to contribute to the frictional factor. 
Therefore the exponents in expressions 13 and 14 will vaiy slightly with the 
molecular weight (2) and in addition will not be necessarily equal to 3/2. W. 
Kuhn and H. Kuhn (9) have deduced that the exponents in expressions 13 and 
14 are equal to 1 and 2, respectively, for flexible chain molecules with restricted 
rotation. If the behavior of the intrinsic viscosity as a function of molecular 
weight is any criterion, probably the exponents will be unequal and range from 
1 to 3, for various materials. Hence, for high polymers over not too wide a range 
of molecular weights: 


For polydisperse systems: 


[A] = KjM^ 

(15) 

[«] = 

(16) 

Mm = (L MUiy* ■ 

i 

(17) 




(18) 


For polydisperse materials «/ r/G will not have the same relationship to as for 
monodisperse materials, in contrast to the behavior of the quantity i».p/C with 
respect to C. This is caused by the fact that at lai^e velocity gradients all com- 



FLOW BIREFRINGENCE IN HIGH-POLYMER SOLUTIONS 


979 


ponentg are somewhat oriented, while at low velocity gradients only the largest 
molecules are appreciably oriented (7). This introduces a very complex type 
of averaging at large velocity gradients, which is less heavily weighted than for 
the limiting case. 

For fractionated nitrocelluloses in cyclohexanone (see figure 1), the author has 
found a function which represents w as a function of G with excellent agreement 
with experiment. For nitrocellulose fractions studied by Signer and Gross (19) :i 



This function serves to extrapolate the results to G = 0 . The same equation 
also fitted some results for polystyrene fractions studied by the same authors (see 
figure 2). For polyisobutylene (22) and for polystyrene (19, 20) a discontinuity 



Fig. 1. as a funct ion of [q] for nitrocellulose fractions in cyclohexanone. Calculated 

from the data of Signer and Gross (19). 

is observed in both A and w as (? becomes large. This did not occur for nitro- 
cellulose in the range of G values investigated nor for polymethyl methacrylate 
(3). This phenomenon was considered to be caused by a deformation of the 
molecules (20). If the velocity gradient becomes large enough, the forces exerted 
on the molecules may become great enough to overcome the restrictions on rota- 
tion about bonds in the chain. This would result in some ‘‘straightening out” 
of the molecule and cause the sudden observed increase in w and A. 

The quantity in equation 1 9 represents the value of w at infinite G. is 
plotted as a function of [rf] for the several nitrocellulose fractions of Signer and 
Gross. It can be seen that the theoretical limiting value of w of 45° is never 
attained. 

It was observed by Signer and Gross (19) and De Rosset (3) that at low polymer 
concentrations w and A/GrfC are independent of concentration. Hence, th 

* No correction was made for the birefringence of the solvent. 
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value (D„ as obtained directly should be the same as that at infinite dilution. 
Extrapolation to infinite dilution k probably unnecessary provided measure- 
ments are carried out in this dilute range, although this question would haVe to 
be settled by experimental measurements in the polydisperse case. At higher 
concentrations there is a discontinuity in u and A/ffijC as functions of concen- 
tration, at which point they become concentration dependent. This point is 
known as the “interference limit” (19), and occurs at progressively lower concen- 
trations at higher molecular Aveights. At this point the polymer molecules are 
far enough apart so that there is no mutual interference. 

The quantities [A] and [w] for the above-mentioned nitrocellulose fractions are 
plotted in figures 3 and 4 as functions of intrinsic viscosity. For low-molecular- 
weight polystyrene in cyclohexanone [A] is plotted as a function of [ij]. For this 



Fio. 2. [A] as a function of (»;] for low-molpoular-weight polystyrene in cyclohexanone. 
FroiirSigner and Gross (19). 

Fio. 3. [A] as a fund ion of h) for nitrocellulose fractions in cyclohexanone. From Signor 
and Gross (19). 

material u was zero except for the fraction of highest molecular weight. This is 
a shortcoming of this method as applied to polystyrene, which is not as strongly 
birefringent as other materials, such as polymethyl methacrylate (3) and nitro- 
cellulose. This would be expected from stnictural considerations. 

For these polystyrenes, since [A] is proportional to [»;], /3 ^ 0.8. Two isolated 
points obtained (19) mth higher-molecular-Aveight fractions of polystyrene indi- 
cate that y may be as high as 3. This looks like agreement with Ku^’s theory 
(9). Here decreases with increasing molecular weight and is greater than 45°. 
More data for very thoroughly fractionated samples are needed before any defi- 
nite conclusions can be drawn. 

It can be seen that there is some scattering in the [w] vs. h] curve for nitro- 
cellulose. The [A] tts, [»f] curve shows much less scattering. Plotting either 
ia/ilG)t or (w/Cr)o against [n] gives an equal amount of scattering, since the vis- 
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cosities of all the solutions used in the low concentration range did not differ 
greatly. To obtain the value of w / iiG at C = 0, the [w] values for nitrocellulose 
should be multiplied by r/r. This erratic behavior is attributed to polydispersity 
of the fractions, since Mm is weighted higher than M^]. For nitrocellulose in 
cyclohexanone d — 1 -3 and y = 1 .4-1 .5, assuming Staudinger’s rule for [»j] as a 
function of M (11). This is quite close to the rough prediction of equations 13 
and 14, for rigid randomly kinked molecules. This checks well with the fact 
that nitrocellulose gives no discontinuity in « and A/GjjC at high rates of shear. 

In general, fractions used in investigating flow birefringence cannot be too 
carefully fractionated, because of the high weighting in both A and «. It is 
recommended that such fractions should be first doubly precipitated; then two 
small cuts should be taken off the high and low ends of the fractions by careful 
adjustment of the temperature and amount of precipitant. The equilibrium 



Fig. 4. [aij as a function of [ij] for nitrocellulose fraclion.s in cvclohe.xanonc. Calculated 
from the data of Signer and dross (19). 


ultracentrifugc could be vciy useful here in determining the average molecular 
weights, Mv>, M,, and (21). An approximation procedure could then be 
used to estimate and il/(»,j, as in estimating 3/,-,,,. from il/„. and Mn (21). 

In conclusion it would be of interest to calculate 3 /|.m and M [„] for distributions 
(18) of the form 

dlT = dM (20) 

For Afiai, 


iWw fr(6 + 2 -h d)!"" 

6 + 2\ >(6-1-2) j 

_ M„ /r(6-|-2-l-d + 7)V'" 
6-b2\ f(6~+~2-|-|3) / 


( 21 ) 

( 22 ) 


For the case of the nitrocellulose used by Signer and Gross, for 6 = 0, = 
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1.75Af„ and = 1.07M„. M[„] S y/M,M,+i fw this case. If |9 = 1, 
7 = « (n integral), M[,] — Mu,: 

Mm = (MjMaM* • • • Mn+xf’' (23) 

for Schulz’ distribution, where Mt = M„ Mi = M,+x, etc. (21). 

If 7 = 1, /3 = n (n integral): 

Mm = {MiMi • • • Muf" (For n = 1 this is M„) (24) 

Mm = (f> + 2 + nf” (For n = 1 this is M.) (25) 

6 * 1 “ 2 

It can easily be seen that these measurements could be used as a test for poly- 
dispersity, after calibration with a good set of fractions. Unfortunately, the 
experimental difficulties are far greater than in measuring viscosity (5, 8, 15). 
Once the apparatus was set up, however, results could be obtained fairly rapidly. 
The method also could be made to serve as a standardized check of uniformity 
for process control, as viscosity is used at present. 

SUMMARY 

Flow birefringence data from the literature are briefly reviewed. It is showm 
that flow birefringence data can be used as a secondary method of molecular 
weight determination, in analogy to the intrinsic viscosity. Tw^o different a\^er- 
age molecular weights are obtained from flow birefringence, in (contrast to the 
intrinsic viscosity. The type of average obtained is discussed. 

The author wishes to thank Professor J. W. Williams for suggesting this prob- 
lem. His continued interest and aid have been most valuable. 
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In a previous communication (14), a theory of the equilibrium behavior of 
high-polymer solutions in a centrifugal field was developed. In this article, re- 
sults are presented which substantiate the theory and show that the sedimenta- 
tion-equilibrium method offers a reliable means for the characterization of high 
polymers. Its great advantage over other methods lies in the fact that it is 
possible not only to determine an average molecular weight, but also a molecular- 
Aveight distribution curve, if the polymer is known to have a “continuous’^ 
distribution of molecular weights. In addition, only milligram quantities of 
material are required for an experiment. 

Polystyrene was selected as the polymeric material to be studied in this investi- 
gation, since it is easily prepared under reproducible conditions and because 
some fractionated samples were available which had had weight-average 
molecular weights determined by the light-scattering technique. Butanone was 
selected as a solvent, since it forms solutions with polystyrene which deviate 
less from ideality than those with any other pure solvent known to the authors. 
The slope of the reduced osmotic pressure curve, which determines the value of 
this non-ideality correction factor, was also known to be independent of molecular 
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weight and concentration over the concentration range used (4). This is a 
necessary requirement for the rigorous application of our theory (14). 

The experiments were carried out in a small Svedberg equilibrium ultra- 
centrifuge with direct electric motor drive. The scale method was used to meas- 
ure concentration gradients in the sedimentation cell (13). Here, 

Z = Goha ^ (1) 

where 'A — scale line displacement 
G = scale magnification factor 
a = cell thickness 

a — refractive index increment = dn/dc. 

As previously found by Svedberg and Pedersen (13), the optimum angular 
velocity is that which gives a concentration ratio of about three to one between 
the extremities of the sedimentation cell. All experiments were performed under 
these conditions. 

Details of the apparatus and techniques used may be found elsewhere (13), 
so they will not be discussed at length here. Nevertheless, some modifications 
in procedure were employed Avhich have not been hilly described in the literature. 
It is felt that they will be of sufficient assistance to future investigators in this 
field to be worthy of mention. 

Since the concentration, as well as its derivative, is needed to calculate weight- 
average molecular weights, it must be obtained by integrating dc/dx over the 
cell, using the known initial concentration as a constant of integration. Hence, 
the position of ends of the solution column, the limits of this integration, must 
be determined w'ith considerable accuracy. This was done by taking a photo- 
graph of the cell during the course of an experiment. The meniscus appeared 
on the negative as a thin line, and the distances from the meniscus to the bottom 
of the cell and from the bottom of the cell to the center of the index hole could 
be measured on the photograph with great accuracy by means of a microcompara- 
tor. The actual distance from the bottom of the cell to the index hole was known 
by direct measurement with a precision cathetometer to ±0.01 mm. Thus, by 
a comparison of the true distance wfith that measured on the photograph, the 
distances from the center of rotation to the extremities of the column of solution 
could be obtained to ±0.01 mm. 

Another improvement in technique made it possible to detect any shift of the 
scale image as a whole with respect to the cell. This could result from the 
departure from normal incidence of the light from the scale on the cell window's, 
or from the wdndows not being strictly parallel to each other. This behavior 
was noticed in the earlier experiments and required correction, but it disappeared 
when the optical system was readjusted. It was detected by comparing the 
actual distances from a reference scale line to the other scale lines, with the same 
distances on a photograph taken through the cell filled with solvent at very low 
rotor q)eed. Allowance was made for the scale magnification factor. 

The rotor speed was measured with a stroboscope, which made it possible to 
estimate the speed to a few tenths of a revolution per second. 
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In addition, it is felt that the z rs. s curve (13) should be fitted to the data 
by the method of least squares, instead of visually as was done. However, this 
would add a prohibitive amount of labor to the calculations. The trapezoidal 
rule was found to be adequate to perform the integrations. Only negligible 
differences were found between this method and Simpson's three-point rule. 

A constant source of difficulty during part of this work was the presence of 
some impurity in the butanone used as solvent. This impurity is apparently 
sorbed by the polymer and leads to an anomalous shape for the dc/dx vs. x curve 
near the menis(*us. I'hc curve in this region starts out with a fairly lai’ge slope 
which then decreases, after which the curve is concave upward, as required. This 
trouble was not encountered with freshly distilled l)utanone but occurred after 
the material had aged for several months. Kedist illation eliminated this be- 
havior to a very large extent. It is recommended that all solvents used in work 
of this sort be very carefully purified immediately before use. Any set of data 
for which dc/dj" starts out to be convex upward should be susjxict. The error 
caused by this behavior is not very great by former* standards, about 5-10 per 
cent, but it is believed that in the complete absence of this phenomenon, it should 
be possible to obtain to ±3 per cent. 

In this investigation, measurements were made with fractionated and unfrac- 
tionated polystyrenes in solution, to determine weight-average molecular weights 
and to obtain information about the molecular-weight distribution. A fractiona- 
tion of a sample of a peroxide-catalyzed polystyrene was i>erformed, and the 
sedimentation -equilibrium molecular-weight distribution curve was compared 
with that obtained from the fractionation. Refraedionation of a fraction was 
carried out with the same object in mind. An experiment was also done on a 
s>Tithetic mixture of material which had been separately characterized, to check 
the reliability of the higher average molecular weights. These are designated 
as ‘^moments", although stri(dly speaking they are ratios of moments. 

The essential formulae used (14) in treating the data are summarized below. 


M,, ^ J/,., = 


dcx 

d:r 




Ji = 

A = 


20gb' 

lifp 

(1 — rp)„j 

2RT 


Mqx — 


d In M(q-iu 
d In Cx 


where 


Z -V?c. 


Mq = .eJ 


HMr'c, 


Cx in volume units fe./lOO cc.) (2) 

(3) 

(4) 

(5) 


( 6 ) 
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dir = (a; ± S)cx dr for a sector-shaped cell (9) 

distance from the center of rotation to the point in question 
concentration at distance x, in volume units (g./lOO cc.) 
acceleration of gravity, cm./sec.* 
d(T/c) _ mm. solvent 

~ (g;/100g.)» 

density of solution (variation with x negligible) 
partial specific volume of pol5rmer 
angular velocity 

distances from center of rotation 

correction factor for non-coincidence of the cell sector center with 
the center of rotation 

The factor RT has the usual significance. In this report it is expressed in (;.g.s. 
units. The quantity M„ = M„ cannot be determined from these equations alone, 
but an approximation can be made for its calculation (14) unless the integral 
equation of sedimentation equilibrium is to be solved to obtain the molecular- 
weight distribution function for the polymer, and through it, M„. 

The time required for the attainment of equilibrium in the experiments varied 
from less than a week to 2 weeks (for high-molecular-weight samples). The 
higher the molecular weight, the slower is the approach to equilibrium. This 
follows from the fact that the angular velocity must be lowered in order to obtain 
a favorable concentration ratio as the molecular weight increases. 

RESULTS AND DISCUSSION 

Results for some polystyrene fractions which had been characterized by 
osmotic pressure and light-scattering measurements at the General Laboratories, 
United States Rubber Company, Passaic, New Jersey (US), are presented in 
table 1. It can be seen that the agreement between Ma, as determined by light 
scattering and by sedimentation, is satisfactory. It should be mentioned that 
sedimentation equilibrium ^ould in general give higher results for M„ than light 
scattering for polymers of appreciable molecular weight, unless a correction for 
the disqmiunetry of scattering is applied. A detailed discussion of the poly- 
diqiersity of the fractions will be postponed until the experimental material for a 
second set of fractions is presented. 


Here x = 

Cx ~ 

9 = 

V = 

P = 

V = 
(0 = 

h, a = 
i = 
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This second set of fractions was obtained from a polystyrene prepared in this 
laboratory in the oil phase at 60°C. in the presence of 0.13 mole per cpnt benzoyl 
peroxide. The conversion was 18.5 per cent after 11| hr. The polymerization 
was carried out in sealed tubes under nitrogen, using dried, vacuum-distilled 
styrene which had been freed of inhibitor by multiple washing with dilute sodium 
hydroxide. The fractionation was carried out in a thermostat by simultaneous 
variation of the amount of precipitant and the temperature. The solvent pre- 
cipitant system was benzene-methanol. Each fraction was reprecipitated, care 
being taken not to precipitate all the material, and the supernatant added to the 
main batch of solution. Then another and another fraction was removed. The 
material remaining in solution at the end of this process was the final fraction. 
Data for the polymer fractions (W) so obtained are presented in table 2. In- 

TABLE 1 


Comparison of lighi-sealtcring and sedimentation-equilibrium molecular -weight data 


>'S ACTION 

OSMOTIC 

Mn X 10‘» 

LIGHT SCAT* 
TERING* 

SPEED OF 
CENTRIFUGE 

CONCENTRA- 
TION AT 

SEDIMENTATION DATA X 10"» 

... 



Mu,X 10-* 

IN R.P.II. 

25“C. 

Mn s Mt 

s 

HI 

M, mMt 

M^^i « Mi 

5US 

260 

! 297 I 

2950 

g./JOO cc. 

0.3095 

ca. 200 

315 

464 

570 

6U8 

160 1 

! 190 

3010 

0.1618 

170 

190 

210 

t 

7USt 

110 

120 

46(K) 

0.1592 

120 

132 

181 

t 

9US 

47§ 

62 1 

6030 

0 4066 

39 

53 1 

88.1 1 

220 


* Not corrected for dissymmetry of scattering. For butanone a = dn/dc — 0.00219 
(3), B = 0.02966 X 10 S in units of grams per 100 cc. (4). V = 0.906 for polystyrene. As 
far as could be determined V did not differ for two samples having = 75,000 and 500,000. 

t Data obtained at the lower concentrations are not believed to be sufficiently precise to 
warrant the calculation of Mt^i, 

t In carbon tetrachloride, a = dn/dc = 0.00151 (3), B — 0 1076 X 10~^ in units of grams 
per 100 cc. 

8 End-group method gives 39,(X)0. 

trinsic viscosities were computed from data obtained in benzene at 30°C., in 
units of grams per 100 cc. Viscosity molecular weights were obtained for all 
fractions from a composite [t/J-A/ relationship. This relationship was derived 
by a combination of the data of Alfrey, Bartovics, and Mark (1), those of Ewart 
and Tingey (4), and those obtained in this investigation for polymers prepared 
at 60®C. Where Mn and Mu, were both available, as was the case except for 
Alfrey ’s data, A/visc. was obtained by the relationship : 



Here h] = KM' and R = Mu,/Mn- This assumes a distribution function of the 
form but the error is small if A/« and M^, are fairly close together. In 
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any event Myim. is always rather close to My,, with the ratio MyinJMv varying 
from 0.95 to 0.99 for the data treated by equation 10. The constant a was taken 
as 0.78, although for the actual relationship it varied from 0.75 to 0.69 for a 
hundredfold variation in M. This relation is plotted in figure 1. The points 
marked with an arrow are known to be too low. It will not be discussed further 
here, i^ce the primary concern of this work lies elsewhere. 


TABLE 2 


Collected data for a fractionation of a polystyrene sample 


niACTION 

WEIGHT 

hi 


«(A/)t 

il 

§x 

ULTIACENTKIEUGS 

SPEED 

CONCEN- 

§x 

MnX 

i(r» 

IfwX 

10-» 

10-» 

X 

, 10“* 

IN 

TIATION 


grams 











g,/I00 cc. 

1W§ 

1.86 

1.442 

0.286 


471 








lA-W.. 

0.74 

1.672 

0.350 

0 981 

586 








IB-W. . . 

1.12 

1.268 

0.292 

0.839 

390 








2W§ 

5.05 

1.294 

0.344 


401 








2A.W . . 

1.92 

1.512 

0.304 

! 0.915 

507 ; 

400 







2B.W.. 

3.13 

1.236| 

0.298 

0.733 

375 i 

288 







3W 

3.40 1 

1 .053 

0.309 

1 0 569 

298 j 

250 

1 






4W. . 

1.86 1 

0.972 

0.316 

i 0.4381 

263 1 

210 


21K) 1 

370 

( 

1 

2850 

0.3009 

5W ... 

* 3.89 

0.746 

0.317 

0.294 

185 1 

155 

168 

186 ; 

230 j 

I 

1 3710 

0.1611 

6W . 

2.13 

0.544 

0.324 

0.144 

! 122 1 

1 90 

113 

125 i 

139 ' 

193 i 

4480 

0.3172 

7W. . 

1.59 

0.354; 

0.375 

0.051 

1 67.3 

44 

1 1 

66. Oi 

78. Ij 

88 I 

! 5410 

0.3998 

8W 

0.22 

0.18 1 


0,005 

28.7' 

1 

i 1 

1 




1 

1 


Original polymer « 20 g. [t?] X original ■■ 19.36, W « 0.968 
Recovered « 20 g. ® 19.27, for fractions 




[>>? dc. 


t Integral molecular-weight distribution function. 

t From composite relationship between W and M obtained from data shown here, from 
data of Alfrey, Bartovics» and Mark (1), and from data of Ewart and Tingey (4). 

§ Separated into two fractions by precipitation. 


It can be seen that both the fractions prepared at the University of Wisconsin 
and those prepared at the United States Rubber Company are appreciably poly- 
disperse. Some qualitative information about the shape of the distribution 

My M. 


curves of these fractions may be obtained from the “moment ratios”. 


Mn' My 


etc. The osmotic number-average molecular weights are thought to be more 
dependable than the approximate number-average molecular weights determined 
with the ultracentrifuge (14) and will be used preferentially, when available. 

If the ratio is constant for all values of g, the distribution curve can 

be fitted (9) by the equation 
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• dM (11) 

where m = M„^'* and 

If the difference Af, — Af,_i is constant for all values of g, it is posable to fit 
the distribution curv'e by the following expression (10) : 


/6 - 1^2 Y +* 

dH' = ^ / . /W''+‘ . „-(M2/Ar„)M . 

r(6 + 2 ) 


( 12 ) 



Fig.1. PlotofloK hi against log Af, A, Alfrey ci Ewart c/ a^.; A, Wales a/. 


Here 


Mq^x h + q 

and the ratio deci'cases \\'itli increasing q. 

For more rapidly decreasing moment ratios, functions of the form of eijuation 
13 

dlf = A:M’'c““"'''dAf (13) 

may seiTe the purpose (14). The integrals of these functions are available in 
many mathematical tables. 

All of these distributions have positive skewness, i.e,, the peak in the size- 
frequency curve occurs at low molecular weights, while the tail stretches toward 
high molecular weights. A positively skewed curve with a very sharp peak and 
very long tail has been shown by graphical integration to give moment ratios 
MJMq^i which increase with g. This behavior is more pronounced as the peak 
becomes sharper and the tail longer. 
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For negatively skewed distributions, the moment ratios would be expected to 
decrease rather rapidly as q increases. For a sharp cut-off at a certain value of 
M, Mf ^ould approach a limit as g — ♦ « . This would be true for a positively 
skewed distribution, provided the function also became zero at a certain value of 
M. However, the limit would not be approached nearly as rapidly as in the 
fonner case. 


TABLE 3 

Moment ratios of fractions, 


ntAcnoK 

ifw Mi 
Mn Mo 

Mz Mi 
Mv, Ml 

Ms^i Ml 
l^z Mt 

BElfASKS 

6US. . . . 

1.21 

1.47 

1.23 

Fairly broad distribution curve of uncertain 

6US 

1.19 

1.11 


shape 

Fitted approxiniately by M^e dM 

7US .. 

1.20 

1.37 

Increases 

Narrow peak; long high-molecular-weight tail 

9US. . . 

1.36 

1.66 

2.50 

Obviously contaminated with high-molccular- 


] 



wcight material 

4W . . 

1.38 

1.28 


Fitted by equation 12, h = 1.63 

5W 

1.20 

1.24 


Fitted by equation 1 1 , ^ = 0.6 

6W 

1.39 

1.11 

1.39 

Similar to 51TS 

7W. 

1.51 

1.17 

1.13 

1 Cannot be fitted by any single simple curve 





given here ; possibly negative skewness 



Fig. 2. Some typical curves of Mv:t versus In Cri A, fraction 7W; A, fraction 9US 


The moment ratios for all fractions are tabulated in table 3. 

For these polymers, was first calculated by the use of equation 2 and the 
higher moments by equation 5, employing graphical differentiation. Some typi- 
cal curves of vs. In c* are shown in figure 2. For fraction 9US one observes 
the typical behavior of a fraction containing a small quantity of material which 
has a molecular weight a great deal higher than that of the fraction as a whole. 

Nearly all fractions can be said to have poatively skewed distributions. All 
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were reprecipitated to remove a low-molecular-weight “tail-fraction’\ Either 
through incomplete settling of the first (high-molecular-weight) fractions, or by 
some as yet unknown mechanism, all contain a small amount of material which is 
of considerably higher molecular weight than My, for the fraction. Scott (12) 
has developed equations for the distribution curves of successive fractions in 
terms of the initial distribution of the whole polymer. Since our fractions were 
doubly precipitated, the second supernatant being recycled, his results are not 
strictly applicable. In no case does Scott ^s treatment predict the existence of a 
long “tail” stretching toward high molecular weights. However, the greater the 
positive skewness of the original distribution, the greater should be the positive 
skewness of the distribution curves for the fractions. Theoretically, the higher 
fractions should contain a considerable quantity of material of low molecular 
weight, also. 

It is rather discouraging to note that in table 3 the only fractions for which the 
distribution may be approximated by a simple curve are those for which Mg+i 
is not available. In one case (4W) the points defining the curve of vs. In c* 
are too scattered to permit the evaluation of in the other cases the initial 

concentration was not as high as it should have been for the best results. 

Some alternative methods of obtaining approximate distribution curves from 
the moments were attempted. The averaging over the the cell for the over-all 
values of the moments (equations 7, 8) was split into two parts and the previous 
methods of analysis applied to each part. This led to no improvement in the 
interpretation of the results. A general method in which the observed Mq, 
q — 0,1, 2, 3, etc., were expressed as a function of q and the distribution function 
as a sum of exponentials in M failed because of mathematical complexity. The 
principle of this method was to make Mq as calculated from the generalized 
distribution curve as a function of q identical with the experimental Mq{q) and 
thus pick out the constants in the generalized distribution function. 

The question of whether the higher moments as calculated here are to be relied 
upon v as answered in the affirmative, at least for Mg and often for Mg^i. Among 
other results, which will l>e presented in due course, data for the whole polymer, 
from which the fractions in table 2 were obtained, led to this conclusion. These 
results are presented in table 4. The My,x vs. In c* curve for this polymer is shown 
in figure 3 . The three points nearest to the meniscus are usually discarded. One 
of these points has not been included in this plot. It can be seen that 
becomes erratic in this region. This is believed to be caused hy diffraction 
ai;ound the meniscus. 

The values in the second column of table 4 were obtained by solving for the 
distribution function as outlined in the companion paper (14) and calculating 
the moments by integration. The distribution function is plotted to give figure 
4. It can be seen that there is a remarkable similarity to some distribution 
functions which have been derived from a mathematical treatment of the kinetics 
of vinyl polymerisation (5, 6, 7, 8, 10). 

This distribution function, per se, could signify several things: (a) A constant 
rate of initiation, termination by collision with the monomer, or by dispropor- 



992 


WALES, WILUAMS, THOMPSON AND BWABT 


tionation. This is limited to low extents of reaction (8). (6) Second-order 
initiation, with respect to the monomer, termination by disproportionation (5). 


TABLE 4 

UltracerUrifugal analysis of a whole polymer 
Speed * 3130 concentration « 0.2406 g./100cc.;hl - 0.968 



1 

GftAPHlCAI., JSQUATIONfi 
2, 5, ETC.* 

raoic SOLUTION or 

ZMTXOSAL EQUATION 
(exfesence 14) 

Ma 

EATIOS, rsT-*- 

Mq-.\ 

XWAXIOM 11, 

Mn 

150,000t 

146,000t 

1.97 

2.00 

: 

287,000§ 

289,000 

1.62 

1.50 

M. 

495,000 

464,000 

1.50 

1.33 

A/.+, 

785,000 

705,000 




* The curve of Mu,t vs. In c* is shown in figure 3. 
t Average of 126,000 and 172,000 from approximation procedure (14). 
t This value is subject to no approximation whatsoever. 

§ (light scattering) 299,000. 

Mn (osmotic) * 144,000 

(from fractionation) = 283,000. Here values of il/viao- were used when was not 
available. 

=“ 267,000 (from curve). «= 271, (KK), from A/„, 3/u., and equation 10, < *» 

0.73. 



-Ill c 

Fig. 3. Plot of Mr^, versus In C;r: A, scale setting 60; A, scale setting 30 

(c) Any initiation, termination by collision with the monomer (5, 6, 7). (d) 
I^irst-order initiation, mutual combination (5). 
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Since <the authors have obtained similar results with an uncatalyzed poly- 
styrene (15), where the initiation is known to be second order, it is believed that 
cases (a) or (c) correspond to the present experimental conditions. From these 
results alone one cannot distinguish between collision with the monomer and 
disproportionation, but since evidence exists (11) for a second-order termination 
reaction with respect to free radicals, case (a) follows for our experimental condi- 
tions (60®C., llj hr., 0.13 mole per cent benzoyl peroxide, 18,5 per cent con- 
version). From the data of Barnett and Vaughan (2) it is estimated that only 
10 per cent of the catalyst decomposed during the reaction. This is not too great 
a deviation from constant initiation, since the rate of decomposition of peroxide 
would vary by only 10 per cent from the beginning to the end of the reaction. 



0lt345fc7 8 3lO 

molecular weight 

Fig. 4. Plot of distribution function f’er.s?/s molecular weight. The dashed curve is the 
theoretical distribution function for 6 « 0 (equation 12) 

In figure 5, the fraction of polymer of given molecular weight as obtained with 
the numerous fractions is compared directly with the ultracentrifugal integral 
molecular-weight distribution curt^e for the whole polymer from which the 
fractions were obtained. The integral distribution curve was obtained from 
the heavy curve in figure 4. The triangles represent the values of the integral 
distribution function as determined by fractionation. Number-average molecu- 
lar weights were used when available, otherwise viscosity molecular weights 
were used. It can be seen that the highest fractions deviate somewhat from the 
ultracentrifugal analysis, although the agreement is good for the lower fractions. 
This could be explained by the presence of low-molecular-weight material in the 
higher fractions, in agreement with the (jonclusions of Scott (12), and in spite of 
the double precipitation. No ultracentrifugal data were obtained for them. 
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Because of the inordinately long time required for equilibrium, it was felt that 
more information would be obtained in running a greater number of experiments 
Math material of lower molecular weight. 

On comparison of the results for the fractionated samples with the ultracentrif- 
ugal analysis for the whole polymer, one is strongly tempted to conclude that 
the latter is the better method of obtaining a molecular-weight distribution curve. 
The great disadvantage of this method is that the calculations required are very 
time-consuming. In addition, difficulties are still being experienced in tryii^ 
to determine distribution curves for some of the fractions. Apparently some 
higher terms in the polynomials used in solving the integral equation are im- 
portant in determining the distribution function. However, whole polymers 
formed by chain polymerization usually have distributions such that this diffi- 



Fig. 5. Integral molecular-weight distribution function for whole polymer 


culty will not be expected to occur. Thus, the application of the techniques of 
ultracentrifugal analysis to polymerization kinetics should be ar very fruitful 
field for further investigation. 

After obtaining the distribution curve, some measure of the “resolving power” 
of the instrument was desired. By this is meant a measure of the breadth of that 
distribution which just may be distinguished from an infinitely sharp distribu- 
tion, under the present experimental conditions. For this purpose some 
calculations were made for an ideal system, the polymer having the distribution 
given by equation 12. It turns out that 


y 1 

U (Kf - Ax^)«+» 


(14) 


where 


.3 


.3 .0 + 2 
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The sjHubols have the meanings as defined above, except that p is used for b 
in equation 12 to avoid confusion with b as used for the outer end (bottom) of 
the sedimentation cell. From this expression it was found that Mwx varies by 
7 per cent from one end of the cell to the other when p = 12, Mu, = 120,000, under 
the present experimental conditions (for an ideal system). The error in is 
estimated at ±3 per cent on the basis of the uncertainty in the various quantities 
used in obtaining it, provided the point x is not too near the meniscus and pro- 
vided the solvent is very pure. Therefore, it is estimated that it is theoretically 
possible to detect the degree of heterogeneity given hy p = 12. The distribution 
assumed here has positive skewness. For distributions with negative skewness 
it will be later shown that the resolving power may be much less than this, 
assuming roughly equal measures of dispersion. Also, the greater the deviation 
of the solution from ideality, the less is the resolving power. For the whole 

TABLE 5 


Precipitation experiments with fraction QW 


i 

1 

I 1 

ORIGINAL 

11 

SUPERNATANT 
89.7 PER CENT 

III 

PRECIPITATE 

10 3 PER CENT 

1 

1 

IV 

I AS CALCULATED 
PROM II AND III 

v 

III REPRECIPI- 
TATED, 13 PER CENT 
REMOVED IN' 
PRECIPITATE 

n ■ ‘ ! 

90,000 

90,000* 

124,000t 

Not justified 

90,000 

. . 

125.000 ! 

121,000 

147,000 

124,000 

122,000 


! 139,000 

127,000 

180,000 

134,000 

122,000 

AKi 

193,000 

163,000 

212,000 

171,000 

125,000 

1^1 . 

0.544 




0.524 


* Osmotic pressures were actually measured for I and V ; hence II should have the same 
value of Mn. 

t Estimated from sedimentation-equilibrium data; true value is probably lower than one 
given. 

polymer, Mu,JMn == 2, and for the fractions M^/Mn = 1.2 to 1.5. Thus, we are 
well within the limits of the method. 

Some further experiments designed to test the reliability of the results were 
performed with solutions of fraction 6W. The data are tabulated in table 5. 
In the preparational work, the first precipitation was carried out by alternate 
addition of benzene and methanol to a 0.5 per cent solution until the solution was 
turbid at 25.0®C. and clear at 25.5°C. The precipitate was allowed to settle at 
25.0®C. in a thermostat. In the second precipitation, a temperature differential 
of 0.2®C. was used. 

The Mvox vs. In c* curves are shown in figure 6. The three erratic points near 
the meniscus have been included in these curves, (c/. also figure 3). The value 
of Mw = 147,000 is highly significant for the precipitated material (see table 5, 
column III), since the error in is estimated at ±2 per cent. This can 
also be seen from the curves in figure 6. The combined value of Mz^i for the 
two portions does not agree very well with that for the original material. 
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For the moments of a polymer mixture in terms of its eompmmts, 


Mn =* 

*I , Xt 

(15) 

Xji ^2 ^2 

(16) 

jljf ^ ^ 11)1 ^ Ml ^1 "4“ ^2 

MyfiXi + M 102X2 

(17) 

_ Mu,iM,iM(g^i)iXi + My,2MaAf(g^i)2X2 

^ MieiMglXi 4“ Mig2Mg2X2 

(18) 


where x is a weight fraction. 



Fig. 6. Plot of versus In for fraction 6W : ■, twice precipitated; □, original frac- 
tion: A, once precipitated. 

One would also suspect the doubly precipitated polymer to be nearly mono- 
dii^rse, judging from the ultracentrifugal data alone. But from the value of 
the osmotic molecular weight this is obviously not so. This anomaly may be 
caused by some hitherto undetected error in the sedimentation ei^eriment, but 
it is believed it can be at least partially explained by the following discussion, 
since the data indicated perfectly normal behavior. 

By inspection of the moment ratios for the original fraction, it can be seen that 
the size-frequency curve possesses what appears to be a poative dmwness. 
However, for the doubly precipitated polymer, much of the portion of higher 
molecular weight has been removed without touching the lower portions. Very 
probably then, what we have here is a sample with a peak near the extreme upper 
aid of the distribution curve. Hence the “polydisperse part” of the material 
(the portion of lower molecular weight) is preferentially distributed toward the 
meniscus, while the “monodisperse” (higher-molecular-weight) part will be 
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concentrated toward the bottom. This means that the moments should be 
closer together near the bottom of the cell than at the top. By a consideration of 
equation 6, together with the facts that ilf («+i), > and all moments increase 
toward the bottom of the cell, this should give a curve of Mtox vs. In c* which is 
convex upward. This curve should have a slope decreasing or approaching zero 
near the bottom of the cell. This is exactly the reverse of the behavior of a 
positively skewed distribution of molecular weights (c/. figure 3). As one goes 
to higher and higher moments, the change of the moment with concentration 
becomes less and less, and the higher moments become closer and closer together. 
In this experiment, also, the three points (at low c,) near the meniscus are known 
to be unreliable so that any sharp initial change here is undetectable. This sort 
of behavior with a negatively skewed distribution must be considered to be some- 
what of a general weakness of the method. In a future article, it is planned to 
calculate the sort of Mwx vs. In c* curves one obtains from polymers with various 
molecular-weight distribution curves, to investigate this point further, and to see 

TABLE 6 

Sedimeniaiion-equilihrium experiment with a mixture df fracHon 6W^ and the whole polymer 


1 

CALCULATED 

I OBSERVED 

I DEVIATION 



1 

per cent 

My, i 

174,000 

: 103,000 

-6 

M. : 

303,000 

; 205,000 

-3 

.1/.,,. ! 

575,000 

1 370.000 

-35 


what can be done about relating the shape of the M^vx vs. In c, curve to that of 
the molecular-weight distribution curv^e. 

.^Vn experiment with a solution of a mixture of fraction 6W and the whole 
polymer was also performed. The results are tabulated in table 6. 

Unfortunately, the anomalous behavior observed with impure solvent 
butanone was noticed to some extent here, and would account for the low values 
of the molecular weights for the mixture. . The authors believe, however, that 
provided a very pure solvent can be obtained, this method should be capable of 
reprodiu'ing values to ±3 per cent. It can be seen that is not very 
reliable. It is affected more than the other moments by any errors which may 
be present. 

In conclusion, it should be stated that this method of characterization of poly- 
mers shows promise of considerable utility in polymerization and degradation 
studies. 


summahy 

Data are presented which substantiate a theory of the equilibrium behavior 
of polymer solutions in a centrifugal field. It is sho^vn that fractions obtained 
in the conventional manner are detectably polydisperse. A comparison is made 
between a molecular-weight distribution curve obtained by fractionation and 
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by ultracentrifugal analysis. It is suspected that the latter is the better approxi- 
mation to the true distribution curve. Evidence for disproportionation as a 
termination mechanism in vinyl polymerizations is deduced from molecular- 
weight distribution data obtained here and elsewhere. Equilibrium ultracentri- 
fuge experiments with mixed samples are in agreement with experiments on the 
separate components. 

The authors desire to thank Dr. K. J. Arnold and Mrs. Marie Glissendorf of 
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THE DENSITIES OF MAGNESIUM-CADMIUM SOLID SOLUTIONS* 

J. M. SINGER* AND W. E. WALLACE ' 

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 

Received January BO, 1948 

Recently a thennochemical study of the magnesium-cadmium alloy system 
was begun in this Laboratory. It was evident from the outset that a consider- 
able number of samples of alloy would be needed in the course of the investigation 
and that the establishment of the composition of the samples would require a 
substantial expenditure of time in routine chemical analysis. It occurred to us 
that, in view of the large difference in density of the two metals, a density-com- 
position curve might well serve as a rapid analytical tool of sufficient precision 
for most of our needs. 

Although it was not our original intent to make additional use of the densities 
reported in this communication, it became apparent later that they would be of 
some interest in connection with the nature and extent of the deviations of mag- 
nesium-cadmium solid solutions from ideal behavior. In view of the original 
intent of this study the data are neither as exhaustive nor as precise as might be 
desired for a really comprehensive study of these solution^. However, consider- 
ing the scant information available in the literature pertaining to these solutions, 
it seems in order to present our results, which are in themselves fairly conclusive, 
for it is not our plan to extend the present experimental work. 

I. EXPERIMENTAL 

The magnesium and cadmium used in preparing the alloys were obtained 
from the National Lead Compemy and the Anaconda Chopper Mining C'ompany, 
respectively, and were stated to be of the highest purity obtainable commercially. 
Spectrographic analysis of the material confirmed the absence of metallic impuri- 
ties within 0.01-0.02 per cent, and gravimetric analysis of the pure materials 
indicated (completely pure materials within the error of the determination. 

The alloys were prepared in steel crucibles provided with a thin graphite lining 
machined from a graphite electrode of the type used in spectrographic analysis. 
The crucible was provided with a stirrer consisting of a steel rod tipped with 
graphite so that the only material coming in contact with the melt was spectro- 
scopically pure graphite. The cnicible was contained in a Pyrex tube which 
could be evacuated and refilled with an inert atmosphere,— in this case argon, 
w hich had been purified by condensing over activated charcoal at. liquid-air tem- 
peratures. The stirrer could be operated externally by a bellow s arrangement, 
and the melt w^as stirred vigorously to insure complete mixing. Melting was 

* This work was supported by a basic research grant from the Office of Naval Research 
of the United States Navy Department, Contract N6ori 43, Task Order 2 

* This paper is based upon a thesis submitted by J. M. Singer to the Faculty of the 
Graduate School of the University of Pittsburgh in partial fulfillment of the requirements 
for the degree of Master of Science, February, 1947. 
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accomplished by use of an induction furnace which surrounded the Pyrex tube. 
Hm samples so prepared were practically free of oxidation. Nevertheless, the 
surface was machined away prior to determining the densities. 

After its density had been measured, the alloy was analysed for its cadmium 
content by the electrodeposition method. The compositions are believed to be 
reliable to slightly better than 0.1 per cent. 

Densities were measured using the method of Archimedes with redistilled c.f. 
grade carbon tetrachloride as the confining liquid. The denaty of tiie carbon 
tetrachloride used in these experiments was determined over the temperature 
range required. Differences between our results and published values were insig- 
nificant for the present purpose. The technique employed by Egerton and Lee 
(2) for eliminating surface tension effects on the supporting wire was used in these 
determinations. The precision with which duplicate determinations on the same 
specimen agreed was approximately 0.1 per cent. No attempt was made to 
measure the density at exactly 25°C. In all cases the actual temperatures were 
measured, and since they fell between 20°C. and 30®C., no correction was neces- 
sary. 


II. THE PHYSICAL STATE OP THE ALLOYS AND PACTORS LIMITING 
, , PRECISION OF THE DENSITIES 

A. Cavitation 

% 

The principal systematic error associated with measurements of density by the 
method of Archimedes arises from the existence of cavities within a sample which 
appears upon external examination to be sound. It is possible that our samples 
were imperfect in this respect, but it is felt that the error due to cavities is small 
and is probably overshadowed by possible effects of varying degrees of order in 
the alloys. The influence of the latter will be referred to below. The case 
against appreciable cavitation is based upon two lines of evidence. 

First, we have compared our results with those calculated from the lattice 
parameters obtained from x-ray diffraction studies. Hume-Rothery and Raynor 
(4, 9) have made an extremely careful investigation of this system. Unfortu- 
nately, much of the work was at an elevated temperature (310°C\) and in the 
absence of reliable thermal expansion data is not suitable for comparison with the 
results of this study. However, some of the data are of use and. the results, 
together with the value for pure cadmium calculated from the data of Jette and 
Foote (6), are showm in table 1. Since densities computed from lattice param- 
eters are unaffected by the presence of cavities in the alloys subjected to dif- 
fraction study, the existence of cavities in our alloys should be revealed by 
consistently smaller densities.® The lack of such differences can he taken as evi- 
dence against cavitation. 

* The pure metals as obtained from the source were unsound. Cavities were observed 
as the material was machined prior to preparing alloys. Also, the densities were low. 
Upon remelting, stirring, and in all ways handling the material as if it were an alloy, the 
density increased to the value given in table 1 . 
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Second, Stockdale (12) has shown in a very careful study of the densities of 
alloys of silver and zinc that certain otherwise unexplained variations in density 
can be attributed to cavitation and the sample can be made sound and the densi- 
ties reproducible by subjecting the specimens to pressure of the order of 10,000 
atm. Although our densities were quite reproducible and gave a smooth curve 
when plotted against composition, we thought it advisable to test for possible 
cavitation by a procedure similar to that of Stockdale. After subjecting eight 
samples covering the entire composition range to approximately 10,000 atm. 
pressure, the densities wei*e remeasured and found to have increased on the aver- 
age 0.11 per cent. The maximum increase noted was 0.25 per cent. It may be 
concluded, therefore, that if the alloys were unsound, the extent must have been 
small, probably insufficient to affect the density by more than 0.2~0.3 per cent. 
Possibly, those density increments are due to ordering of the alloy rather than 
to a filling in of cavities, since ordered structures are more dense (3). 


TABLE 1 

Comparison of measured densities with densities computed from x-ray data 


composition: atomic per cfnt 

CADMIUM 

DENSITY (mEASUEED) 

1 

DENSITY (calculated) 


f./cc. 

s /«. 

0 

1.737 

[ 1.7367 

6.65 

2.192 

i 2.187 

17.02 

2.902 

1 2.908 

100 ; 

8.642 

8.644 


B, Non-homogeneity of the solid solutions 

The mutual solid solubility of magnesium and cadmium has been established 
to be very extensive, if not complete (3, 4, 5). It is Avell known that, the cooling 
of melts of substances exhibiting appreciable solid solubility prodiujes non-homo- 
geneous solid phases because of the initial preferential crystallizing out of the 
higher melting component. Homogeneous solid solutions are obtained by subse- 
quent annealing at temperatures close to the melting pont. In connection with 
other phases of the work with this system we were interested in both homogeneous 
and non-homogeneous samples, so that we have measured densities of somq of 
the alloys in the annealed and unannealed state. .Vs we shall indicate Ix'low, 
4he effect of annealing on the density is practical!}^ negligible. 

C, Order-disorder transformation 

Perhaps the least satisfactory feature of this work was oui- ignorance of the 
extent to which the order-disorder transformation in the alloys had taken place. 
It is our opinion that the densities report»ed refer to the almost completely disor- 
dered alloy. We base this opinion upon the detailed studies of the order-disorder 
transformation made by Grube and Schiedt (3) at Stuttgart and by Stepanov and 
coworkers (7, 8, 10, 11) at Leningrad. 
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. Traasfonxultions based upon the compositions MgiCd, MgCd, and MgCd> 
occur at the approximate temperatures 150°, 250°, and 90°C., respectively. The 
rate studies of Stepanov indicate that, except for compositions m the repon of 
^MgCds, the ordered structure is formed rather slowly, if at all, at room tanpera- 
•ture. Special low-temperature annealing (100-200°C.) was required to develop 
•the superlattice. However, for compositions between 72 and 78 atomic per cent 
osulmium, ordering was observed to proceed with sua appreciable rate at 0°C. (8). 

■nie thermal treatment given our alloys was such as to suppress superlattice 
formation. They were brought immediately from the temperature oi solidifica- 
tion or annealing to room temperature and the density determined within a few 
hours. The single alloy (72.37 atomic per cent cadmium) which might have 
become appreciably ordered fell on the smooth curve of density versus compo- 
sition.* 


TABLE 2 


Densities of magnesiumrHiadfnium alloys 


composition: atomic 

PER CENT CADMItTM 

DENSITY 

composition: atomic 

PER CENT CADMIUM 

DENSITY 


g,/cc. 


g,lcc. 

0 

1.737 

66.57 

6.485 

6.65 

2.192 

69.19 

6.591 

17.02 

2.902 

72.37 

6.800 

35.38 

4.248 

87.80 

7.727 

39.43 

4.511 

90.67 

7.905 

52.87 

5.518 

96.32 

8.300 

60.36 

6.048 

100 

8.642 

63.24 

6.270 




Calculations based upon the thermal expansion data determined by Grube and 
Schiedt (3) indicate that the order-disorder transformation may be accompanied 
by changes in the density amounting to as much as 0.5 per cent in some instances. 
The uncertainties in the densities due to an undetermined extent of ordering 
probably do not amount to more than 0.2-0.3 per cent. However, the actual 
effect is difficult to assess exactly and this factor would undoubtedly prevent one 
drom ascertaining densities for this system to better than 0.1 per cent unless the 
degree of order were controlled. 

III. EXPERIMENTAL DATA AND DISCUSSION OP RESULTS 

The measured densities are given in tables 2 and 3. The results given in table 
:2 are presented in graphical form in figure 1. Values at rounded concentrations 
taken from a large-scale plot of the data in table 2 are shown in table 4. In table 
3 the effect of annealing is summarized. Annealing was carried out for periods of 
3-4 weeks at temperatures within 50® of the melting point of the particular allcqr 

* It may be that the non^homogeneity of this sample retarded formation of the super- 
lattice. 
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TABLE 3 


Effect of annealing on the densities 


cohpobition: ATOmC 

PEH CENT CADMIUM 

DENSITY 

(unannealed) 

DENSITY 

(annealed) 

CHANGE 


g./cc. 

g-/cc. 

per cent 

21.7 

3.251 

3.245 

- 0.2 

35.4 

4.252 

4.251 

0.0 

38.25 1 

4.450 

4.450 

0.0 

56.0 i 

5.749 

5.752 

+ 0.1 

57.1 i 

5.840 

5.827 

- 0.2 

73.1 

6.856 

6.859 

0.0 

84.0 

7.555 

7.558 

1 

0.0 



Fig. 1. Graph showing the variation of density with composition for magnesium- 
cadmium alloys (solid solutions). 
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after the samples had been sealed into evacuated Pyrex tubes. The effect of 
annealing on the densities is seen to be practically negligible. 

TABLE 4 


Densities of magnesium-cadmium alloys at rounded concentrations 


cohposition: atomic 

PEK CENT CADMIUM 

1 

1 DEKSITY 

i 

composition: atomic 

PEE CENT CADMIUM 

DENSITY 


g./cc. 


|./cc. 

0 

1.737 

60 

6.035 

10 

2.418 

70 

6.670 

20 

3.127 

80 

7,260 

30 

3.856 

90 

7.850 

40 

4.577 

100 

8.642 

60 

5.312 

1 

i . 



FiO. 2. Graph showing the volume change accompanying the formation of 1 mole of 
alloy (solid solution) as a function of composition. O, calculated from the data in table 2; 

, calculated from Raynor’s x-ray data at 25'C.; , calculated from Hume-Rothery 

and Raynor’s x-ray data at .310°C. 

The curvature in the density-composition curve apparent in figure 1 is prob- 
ably real, since it is in general accord with other thermodynamic information 
available for this system. K the solutions were ideal, the density-composition 
curve would be concave upward for the entire compoation range. Bilta and 




DENSITIES OF MAGNESIUM-CADMIUM ALLOYS 


1006 


Hohorst (1) detennined the heat of formation of an alloy of composition MgCd 
and demonstrated that for this composition the solid solution exhibited a strong 
negative deviation from ideal behavior. Such deviations would modify the ideal 
density curve and, if sufficiently pronounced, lead to the two points of inflection 
apparent in figure 1. 

Volume changes accompanying the formation of the alloy from its components 
are shown in figure 2. The negative values were more or less expected, as they 
are consistent with the general chemical tendencies which lead to the formation 
of ordered strucjtures. The positive deviations at high cadmium concentrations 
were not anticipated and may possibly be attributed to unsuspected systematic 
errors in the densities of 0.4--0.6 per cent, although these errors arc somewhat 
larger than had been assigned to the measurements. Included in figure 2 are 
values of the volume changes computed from the x-ray data of Raynor (9) at 
25°C. and Hurae-Rothery and Raynor (4) at 310°C. The general similarity of 
the three curves is evident. 

There seems little doubt that alloys of compositions 0-80 atomic per cent cad- 
mium are formed from their components with a decrease in volume. The incre- 
ments in volume noted at high cadmium concentrations perhaps should not be 
regarded as definitely established. It is perhaps worth pointing out in this con- 
nection, however, that the x-ray data at 310°C. indicate a tehavior at the cad- 
mium end unlike that in solutions less rich in cadmium. Conceivably, the region 
of zero slope at 310°C. might be modified in the direction of positive deviations 
as the temperature is lowered. 

Returning to the (piestion of using the density-composition curve as an analyti- 
cal tool, by examination of the slope of the curve one finds that a density precise 
to 0.3 per cent will establish composition to 0.36 unit on the atomic per cent scale 
in the region of pure cadmium and 0.09 unit at the magnesium end, if the curve is 
assumed to be exact. Allowing for lack of precision in both the curve and the 
density measui*ement, it seems that one could definitely establish composition 
within limits of 0.5 unit on the atomic per cent scale for all cases and within nar- 
rower limits, perhaps 0. 1-0.2 unit, for magnesium-rich alloys. This method is 
obviously inferior in precision to conventional chemical analysis but has a distinct 
advantage in the time required for cases w here high precision is not essential. 

IV. SUMMARY 

The densities of thirteen unannealed magnesium-cadmium alloys, ranging in 
composition from 6.65 to 96.32 atomic per cent cadmium, have been determined 
wdth an estimated precision of 0.1 per cent. The densities of seven additional 
alloys, ranging in composition from 21.7 to 84.0 atomic per cent cadmium, have 
been determined before and after annealing. The influence of annealing on the 
density is practically negligible in comparison with the stated precision of the 
measurements. 

Computations of volume changes accompanying formation of the alloys show 
that between 0 and 86 atomic per cent cadmium there is an appreciable decrease 
in volume. Above 85 per cent slight increments in volume are observed. 
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. 1 The effectiveness of the density-composition curve as an analsrtical tool is suffi- 
cient to establish composition to about 0.S unit or better on the atomic per cent 
scale. 
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In continuation of studies on the solvent extraction of thorium started by two 
of us (6), w^ have determined the distribution of thorium nitrate at room 
temperature between water and each of the following solvents: isoamyl alcohol, 
w-hexyl alcohol, methyl isobutyl ketone, methyl n-amyl ketone, and methyl 
n-hexyl ketone. These five organic solvents appear to be the most promising 
for the liquid-liquid extraction of thorium nitrate from aqueous solutions also 
containing the nitrates of the rare earths and zirconium. The effect of added 
nitric acid has been ascertained on the systems containing n-hexyl alcohol and 
methyl n-hexyl ketone. Some preliminary extractions with methyl n-hexyl 
ketone have been described to show the applicability of the conclusions drawn 
from these distribution data, 

DETERMINATION OP DISTRIBUTION DATA 

The experimental technique was that used in the earlier solubility work (6). 
Each system was composed of 5 ml. of the organic solvent (Eastman Kodak 
Company, practical grade) and 5 ml. of an aqueous phase brought to the proper 
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concentration by the dilution of a saturated aqueous thorium nitrate solution. 
The test tube containing this system was agitated end over end at 30 r.p.m. for 
24 hr. The phases were then separated, and each was analyzed by direct igni- 
tion to thorium dioxide. The primary data (the percentages of thorium dioxide 
in each of the phases) are recorded in table 1 , with other quantities calculated 
therefrom. Two sets of experiments were made on methyl n-hexyl ketone, one 
at room temperature, the other thermostated at 25°C. it 0.05®. Since the two 
sets of data were indistinguishable when plotted on the same graph (figure 1), 
thermostating was abandoned for later runs. That the change with tempera- 
ture is negligible with respect to the analytical errors is consistent with other 
data. We have previously shoivn that the change of the solubility of 
Th(N 03)4 *41120 with temperature in these solvents is no greater than the experi- 
mental error (6). Seidell (4) quotes Misciattelli (3) to the effect that the solu- 
bility of thorium nitrate in water (from separate sets of data) is: 


TClAPEEATritE 

Th(NOj)4 PK» 1(K) <; OF SOLUTION 

®C. 

grams grams 

0 

65.0 65.2 

20 j 

65.0 65.6 


l^he heat effect of the nitrate on passing from one solvent to the other is the dif- 
ference between the two very small heats of solution corresponding to these two 
small temperature changes (d In K/dT = AH/RT^), Consequently the change 
in (composition of the system with temperature corresponding to the partition 
heat effect should be less than those shown by the simple solubilities. 

Data on the effect of increased nitric acid concentration on these distribution 
equilibria were desired, inasmuch as nitric acid \vill probably be present in most 
aqueous nitrate solutions. The effect was correlated with the quantity of nitric 
acid added to the aqueous phase before mixing. Thus the aqueous phases, later 
mixed with methyl n-hexyl ketone, were made 0.5 N, 1.0 N, and 5.0 N in 
added nitric acid, respectively, for three sets of data, by the use of standa^ized 
acid solutions in mixing. Two runs w^ere made with n-hexyl alcohol in w’^hich 
the aqueous phases w^ere 1.0 N and 5.0 N, respectively, in added nitric acid. 
These systems w^ere agitated and analyzed in the same manner as the unacidified 
systems. Mole fractions of thorium nitrate were calculated on the approxima- 
tion that each phase contained besides thorium nitrate only its respective 
solvent. The results are listed in tables 2 and 3. 

All the above analyses w^ere made as quickly as possible to avoid the effects 
of chemical changes. Some measurements w^ere made on the acidified systems 
after long periods of standing, and marked changes were noted. Coincident 
with these changes, gas evolution was observed similar to that noted in the pre- 
vious solubility work (6). This probably resulted from oxidation of the organic 
solvents by the nitric acid. 
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TABLE 1 


The compositione of thorium nitrate-water-aolpent syatema 



PEHCENTAGE Ot ThOt 

CALCULATED HOLE EXACTIONS 

SAICPLE NO. 

Solvent phase 

Aqueous phase 

**Th(NOi)4 
Solvent phase 

w%h(NOi)4 
Aqueous phase 

s*^(Th(NO.)4]t 
Solvent phase 


Methyl n-hexyl ketone (unthermostated) 


1 

9.82 

32.40 

0.05497 

0.05738 

0.008217 

2 

6.39 

31.25 

* 0.03391 

0.04948 

0.005145 (a) 

3 

2.75 

29.40 

0.01372 

0.04308 

0.001998 (b) 

4 

1.67 i 

28.80 

0.00827 

0.04125 

0.001190 

6 

0.91 

27.70 

0.00516 

0.03807 

0.000643 

6 

0.65 

26.95 

0.00318 

0.03605 

0.000456 

7 

0.37 

26.01 1 

0.00197 

0.03341 

0.000282 

8 

0.18 1 

24.38 

0.00088 

0.02987 

0.000125 (r) 

9 

0.13 j 

23.66 

0.00062 

0.02832 

0.000089 (d) 

Methyl n-hexyl ketone (25®C. ±0.05°) 

IT 

9.40 

32.50 

0.05335 

0.05417 j 


2T 

6.18 

31.31 

0.03266 

I 0.04958 


3T 

2.54 

29.41 

0.01308 

0.04342 


4T 

1.70 

28.68 

0.00843 j 

0.04089 


5T 

0.83 

27.54 

0.00513 i 

0.03763 


6T 

0.53 

26.74 

0.00258 

0.03550 


7T 

0.34 

25.87 

0.00165 1 

0.03332 


8T 

0.17 

1 24.78 

0.00083 1 

0.03077 


9T 

0.08 

23.61 

0.00031 

0.02826 



Methyl n-amyl ketone 


43 

12.65 

31.99 

0.06632 

0.05214 

0,01005 

44 

8.85 

30.59 

0.04362 

1 0.04701 

0.006473 (a) 

45 

4.48 i 

28.92 

0.02062 

! 0.04161 

0.002999 (b) 

46 

2.31 

27.58 

0.01035 

0.03772 

0.001492 

47 

1.15 

26.31 

0.00507 

0.03440 

0.000728 (c) 

48 

0.58 

24.77 

0.00254 

0.03074 

0.000364 (d) 


Methyl isobutyl ketone 


16 

14.07 

31.12 

0.06688 

0.04887 

0.01013 

17 

10.21 

29.70 

0.04536 

• 0.04403 

0.006740 (a) 

18 

5.99 

28.42 

0.02487 

0.04011 

0.003630 (b) 

19 

2.98 

27.14 

0.01180 

0.03655 

0.001702 

20 

2.06 

26.52 

0.00806 

0.03494 

0.001159 (o) 

21 

1.15 

25.55 

0.00443 

0.03254 

0.000635 (d) 
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TABLE 1 — Continued 


SAMPLE NO, 

PERCENTAGE OF ThOa 

CALCULATED MOLE FRACTIONS 

1 



1 V 



Solvent phase j 

Aqueous phase 

s^Th(N03)4 
Solvent phase 

1 w^Th(NO*)4 

1 Aqueous phase 

»%h(NO.).)7 

Solvent phase 



Isoainyl alcohol 


28 

13.97 

31.21 : 

1 0.05883 

0 04922 j 

29. 

10.87 : 

29.65 

0.04.328 

' 0.04389 1 

30. . 

; 7.46 

! 27.83 

0.02799 

j 0.03841 i 

31. 

: 5.62 

i 26.88 

0.02049 

j 0.03586 ; 

32 . . . 

! 3.60 

25.54 

0.01272 

: 0.03253 { 

33 . . . 

1 2.31 

1 24.13 

0.00799 

1 0.02934 1 



n- 

Hexyl alcohol 


49 

1 13.78 ! 

i 32.06 

! 0.06640 

i 0.05244 


50. . . . 

; 11.17 ; 

, 30,04 

1 0.05144 

j 0.04649 


51 

' 7.82 ! 

28.69 

0.03405 

0.04092 


52 . 

; 4.53 1 

26.95 

0.01873 

; 0.03604 


53. . 

1 2.91 1 

1 25,69 

j 0.01172 

j 0.03365 


54 

; 1.69 1 

24.16 

j 0.00654 

1 0.02940 



DISCUSSION OF DISTRIBUTION DATA 

If a solute A exists as A in one solvent and in another state of aggregation, 
Ax, in a second solvent, thermodynamics (1) requires that the distribution of A 
between the two be governed by a relation of the type : 

-Y A, in second solvent /.v 

— * — — = ( 1 ) 

Xx in first solvent 

where A" denotes mole fraction and K is the equilibrium constant for the reaction: 

xA 4 ^ A, (2) 

ill fii-st solvent in second solvent 

These relations apply exactly, of course, only to solutions which are dilute enough 
for the chemical potential to be expressible as a logarithmic function of the mole 
fraction. 

Ignoring for the moment the ionization of the solute and setting A equal to 
Th(NOs) 4 , the first solvent to be water, and the second to be the organic solvent, 
we have 

aqATh(NOa)4 

where the subscripts ‘‘s” and ‘‘aq’' denote the organic and aqueous phases, 
respectively. Since x is not initially knoim, this expression must be modified. 
However, 

8A^Th(NO,)4 ~ ^■8A^lTh(N03)4lx 

quite closely for dilute solutions. 
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TABLE 2 


EjBfect of the addition of nitric acid to water-thorium nitrate-methyl ndiexyl ketone systeme 


SAUPLR NO. 

PERCENTAGE OP ThO» 

« CALCULATED MOLE PRACnOMS 

Ketone phase 

Aqueous phase 

k*Th(NO.)4 

w^Th(NO.), 

0.5 N in added nitric acid 

37 

10.34 

31.97 

0.05820 

0.05206 

38 

8.02 

31.08 

0.04357 

0.04875 

39 

5.65 

30.16 

0.02967 

0.04553 

40 

3.36 

29.03 

0.01710 

0.04194 

41 

1.90 

27.86 

0.01066 

0.03832 

42 

0.90 

25.64 

0.00430 

0.03277 


1 .0 A in added nitric acid 


10 

5.68 

30.15 

0.02984 

0.04551 

11 

4.03 

28.87 

0.02069 

0.04141 

12 

2.70 

27.89 

0.01359 

0.03861 

13 

1.65 

26.74 

0.00818 

0.03550 

14 

0.91 

25.67 

0.00446 

0.03281 

15 

0.55 

24.48 

0.00269 

0.03010 



1 .0 A after 28 days of st anding 


11* 

2.49 

29.17 

0.01252 

0.04236 

12* 

1.51 

28.15 

0.00748 

0.03933 

13*. .. . 

0.39 

26.85 

0.00192 

0.03579 

14* , . 

0.93 

25,40 

0.00457 

0.03218 



5.0 N in added nitric acid 


36. 

7.88 * 

30.23 

0.04273 

0,04579 

34 .... 

3.51 

29,44 

0.01785 

0.04321 

22 

2.34 

28.10 

0.01174 

0.03827 

23 

1.80 

27.14 

0.00887 

0.03654 

24 . ... 

0.38 

26.18 

0.00186 

0.03432 

24 

4.82 

25.95 

0.02497 

0.03352 

25 

1.16 

25.86 

0.00573 

0.03329 

26 

0.63 

23.73 

0.00306 

0.02847 

27 

0.34 

22.53 

0.00165 

0.02602 


5.0 AT after 14 days of standing 


22* 

0.12 

30.65 

0.00056 

0.04722 

23* 

0.15 

27.38 

0.00074 

0.03720 

25* 

0.04 

25.68 

0.00017 

0.03286 

26* 

0.01 

24.18 

0.00006 

0.02940 


Substitution in equation 3 yields 


«- yTh(NOa)« 

»<I^Th(NOi)4 


= xK = K' 


(5) 
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since x, though unknown, is a constant. Thus the expression of the results on 
the basis ol the simple thorium (*ontent does not appreciably change the value 
of the exponent x. Since 

log hA^t1.(N03)4 = log K' 4 - X log a,iA'Th(X(>3)4 ( 0 ) 

the plotting ol log H-YTh(NOa)4 ngainst log aqA"Th(N05)4 should yield a straight line 
of slope X. This was done for all the distribution data. P'igure 1 is for the 
ketones, and figure 2 for the alc,ohols. The k(»tones are seen to show more family 
regularity than the alcohols, but all the curves are seen to be essentially linear 
save for the cone, (uit rated end. 


TABLE 3 


Effect of the nfliiition iff nitric acid to watei-thonnm nitrate n-hexifl alcohol si/nleins 


SAMP1.K NO. 


I IM.KtKNTAGh Ol* ThOj 

! Alcohol phase | Atiueous phase 


« AL( ULATKD MOLI* tR ACTIONS 

a'ThiNO.), 


1.0 .V in added nitric acid 


55 

1 10.37 

20.87 

0 04712 ; 

0.04468 

50 

1 S.5S 

28 77 

0.03782 

0.04116 

57 , 

1 0.70 

27.68 

0.02010 ! 

0.03802 

5S 

; 5.4S 

20.70 

0 02302 i 

0 03553 

51) 

4.40 

20 05 

0 01817 

0 03376 

(50 

, 3.20 

25 10 

0 01335 

0 03163 



5.0 .V 

ill added nitric acid 


01 

! 8.20 

27.53 

0.03503 

0.03750 

02 

; 0.70 

20 74 

, 0.02806 

0 03550 

03 

t) 05 

25.07 

0.02841 

0 03341 

64. 

! 4 74 

25 07 

0 01060 

0 03215 

05 

' 2 30 

23 05 

0 (K)04 4 

0 02804 

06 

l.Sl 

22.53 

0.00720 

0 02603 


Trial calculations showed that in this case more consistent values of x and /v' 
could be obtained graphically from the curves than by averaging the values 
cahadated fi-om pairs of points of the original data. For each curve, two points 
from the extreme ends of the linear portion were read off, and the simultaneous 
solution of the two equations of type (» yiedded the values of .r and /\' given in 
table 4 . 

For the ketones an attempt was made to improve the expressions by recalcu- 
lating the data as 8A'iTh(N03)4i7- These results are listed in the last column of 
table 1 . Valium of x were calculated directly from pairs of points with two eepm- 
tions of type (>. The points used are lettered in parentheses in table 1 and the 
pairs used are indicaxted in table o. The data were also plotted on a log-log 
scale (not reproduced here), and the x values were also determined graphi(‘ally. 

The calculated values show a wide spread. The graphical values show a trend 
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MOLE FRACTIONS Th(N03)4 AQUEOUS PHASE 

Fig. 1. Distribution of thorium nitrate between water and various methyl ketones 




MOLE FRACTIONS Th(N03)4 IN ALCOHOL PHASE 
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MOLE FRACTIONS Th(N03)4 IN AQUEOUS PHASE 

Fig. 2. Distribution of thorium nitrate between water and various alcohols 
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of X toward an integral value of 7, but the accuracy of the method is not great. 
These results persuaded us to present the expressions in their original empirical 
form for their practical value in predicting the behavior of e.vperimental sys- 
tems, and to defer, further theoretical treatment of the data until more evidence 
is gathered on the state of aggregation of thorium nitrate in the ketone solu- 
tions. Our treatment so far has included no wajer or ketone components in the 
aggregation. That water might be so included seems plausible from the fact that 
while water is “insoluble” in methyl n-hcxyl ketone, thorium nitrate tetrahydrate 
dissolves in this ketone to form a single phase containing about 4.7 per cent 


TABLE 4 

Values of X and K' for unacidified systems 
.sou KNT I 


Methyl /i-hexyl k(‘torie 
Methyl /i-amyl ketone . 
Methyl isobutyl ketone 
w -Hexyl alcohol 
IflOamyl alcohol 


Calculated : 
points a-d. 
Points a-c 
Points b~d 
Points b~c 

Average 

Graphical 


TABLE r> 



; m 

X W i 

7.31 


224 

X 10“ 1 

7.28 

\ 

i 4<K) 

X io« 

7 40 

1 

j 

2. 

08 X 10* ' i 

5.58 

! 

1 

' 0. 

162 X 10* ‘ 

4.77 

calculation attempt 


]|&LTH\L 

Mt.THVL 1 

MKTHYL 

ISOBUTYL 

W-AMYL 1 

W-ItrXYL 

7.60 

6.76 I 

7 40 

7.80 * 

7.00 1 

7.26 

8 30 i 

6 06 ' 

7.36 

8 35 

7.43 

7.41 

8.01 

7.04 

7.40 

7.0 j 

7.1 1 

7.3 


water (6). Further, Th(N 03)4 has been treated as a unit with no mention of 
ionization. It should be possible to get further information on the molecular 
weight of this complex by investigation of some colligative property of the solution, 
such as the freezing-point depression nr electrical conductivity. In view of 
these complications, the present data arc not evidence that thorium nitrate is 
actually polymerized in ketone solution, although we have used this idea to 
suggest the form of the empirical distribution expression. 

In preliminary liquid-liquid extraction runs with methyl w-hexyl ketone it 
has sometimes been necessary to add nitric acid to prevent the formation of 
emulsions. The data of table 2 on the addition of nitric acid to methyl n-hexyl 
ketone systems are plott/cd in figure 3 for the IX) N and 5.0 N cases. The 0.5 N 
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MOLE FRACTIONS ThCNOj)^ IN AQUEOUS PHASE 

Fid. 3, Effcc't of acidity on the distribution of thorium nitrate between water and 
methyl n-hexyl ketone. 
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data, if plotted, would fall slightly below and parallel to the 1.0 iV curve. In all 
these cases the acid has caused more thorium to enter the ketone phase. Also 
plotted are the 1.0 iV data after 28 days of standing, in which case the trend has 
reversed. Thus the nitric acid aids in the ketone extraction of thorium nitrate 
from aqueous solution up to the point at which the acid begins to react with the 
ketone. 

Figure 4 is the plot of the data of table 3 for acidified n-hexyl alcohol systems. 
Again, the addition of nitric acid has caused more thorium nitrate to pass into 
the organic solvent. 

The distribution expressions themselves imply two considerations of funda- 
mental importance in the extraction of thorium nitrate from aqueous solution 
with any of these solvents: (/) The concentration of thorium nitrate in the 
aqueous phase must be very near to saturation for any appreciable portion of the 
thorium to be extracted. {2) When even a concentrated ketone or alcohol solu- 
tion of thorium nitrate is washed with pure water for a sufficient time for equi- 
librium to be reached, the thorium passes into the aqueous phase almost quan- 
titatively. 

Both of these statements may be verified by inspection of the data in table 1. 
The first presents a problem in that a means must be found to keep the aqueous 
phase very concentrated, without having solids present. The second, however, 
completely and easily solves the problem of the removal of the extracted thorium 
from the organic solvent. This is extremely fortunate, since distillation or other 
use of heat to accomplish this would destroy an appreciable portion of the solvent 
in each cycle. Leaching of solid nitrates with these solvents becomes a very 
simple process, because the extracted thorium may be washed out, and the solvent 
immediately recycled. 


PRELIMINARY EXTRACTIONS 

Although the thorough investigation of the usefulness of these solvents for the 
extraction of thorium is a project requiring extensive work, sufficient facts are 
presented here to demonstrate t;he applicability of the distribution data. Two 
types of extraction schemes are possible: leaching with an organic solvent, and 
liquid-liquid extraction of an aqueous solution with an organic solvent. Leach- 
ing is simpler, but attains its maximum enrichment in a single step. Thus it is 
particularly applicable to the initial enrichment of material low in thorium. 
Liquid-liquid extraction is capable of multistage fractionation, and therefore 
would seem to be of more value for the final purification of material fairly rich 
in thorium. However, liquid-liquid extraction with these solvents involves 
many more problems of manipulation than does leaching. 

The separation of thorium from mixtures al^ containing the rare earths, 
zirconium, the alkalis, and the alkaline earths was chosen for the initial work 
because these metals often occur together in monazite (2). c.P. thorium, zir- 
conyl, calcium, and potassium nitrates were used for the mixtures. The rare 
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MOLE FRACTIONS Th(N03)4 IN AQUEOUS PHASE 

Fig. 4. Effect of acidity on the distribution of thorium nitrate between water and n- 
tiexyi alcohol. 
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earth nitrates were prepared from a mixture (A) of the following composition 
(percentages as metal in an oxalate mixture) : 


La 

7.0 

Sm. . 

3.0 

Dy. . 

1.0 

Yb 

0.5 



0.0 

Eu. 

0.05 

Ho . . 

0.3 

Y 

10.0 

Pr 

5.7 

0(1 

1.5 

Er 

0.5 



Nd. 

12.5 

Tb 

0.2 

Tm 1 

0.1 




Methyl n-hexyl ketone was (ihosen because it was the most water-immiscible of 
the ketones, and ketones have better solvent properties than the alcohols for 
this problem. In table (i are given the solubilities of each nitrate in methyl 


TABLE 6 

Soluhilities of various nitrates at room temperature 


NITRATE 


Th(N03)4*4H20 
ZrO(NO,)2-21l20 
Ca(N03)2-4H20 
Hare oarth nitrato (B) . 

* Suftor (5). 


! ANHYDROUS NITRATES PER 100 OF SOLUTION 

I . 


Methyl n-hexyl ketone | 

Isoamy) alcohol 

- 1 

grant!, i 

gram<i 

31.06 (6) j 

37.82 (6) 

<0.1 j 

0.37 

<0.1* 1 

3.73* 

3.22 j 

12.0 


n-hexyl ketone and isoamyl alcohol. The rare earth mixture (B) used in table (> 
was of the following composition (percentage as metal in an oxalate mixture): 


La. 

0.1 

Sm 

. 1 0.5 

Dy 

2 0 ! 

Vb 


0.5 

lOu 

. 1 0 02 

Ho 

0 0 i 

T.U 

I'r i 

0 1 

(Id . . 

. i 1.0 

Er 

1 5 


Nd . ... 1 

! 0.5 

Tb 

1 02 , 

Tm 

0.2 



The “solubility” of this rare earth mixture is, of course, dependent on tliis arbi- 
trary mixture and is valuable only as it predicts the order of magnitude. J^otas- 
sium nitrate, not listed in table 6, has quite low solubility in acetone and et hanol 
(4) and therefore is probably insoluble in these higher solvents. 

Spot measurements were made of the distribution of each of the nitrates be- 
tween water and methyl n-hexyl ketone. In table 7 are given the ratios of the 
concentration of each metal in the ketone to that in the acpieous phase, for vari- 
ous arbitrary aqueous concentrations. It may be seen that all these data predict 
both successful leaching and liquid-licpiid extraction under the conditions chosen. 

Leaching 

Ten milliliters of methyl n-hexyl ketone was agitated for 4 days with 
Th(NOs )4 *41120 and rare earth nitrate mixture A until saturated in both. The 
presence of both phases among the remaining solids was assured, as there were 
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distinct white (Tii) and pink (Nd) lumps. The solids settled quickly, and the 
solution was filtered. The total oxide content of the solution was 17.8 per cent. 
The nitrates were extracted with a water wash (complete in 2 hr.) and crystal- 
lized. Two analyses for thoria by the iodate method, referred to the total oxides 
precipitated by ammonia, gave 93.0 per cent and 93.24 per cent. 

This is an indication of the extent to which thorium could be enriched in a 
single-step process, after the original material is converted to nitrates. Liquid- 
liquid extraction can then be applied mainly to materials already high in thorium. 

Liquid-liquid extraction 

A starting material was mixed from thorium, zirconyl, potassium, calcium, 
and rare earth (A) nitrates. By calculation and analysis, it contained 50.0 
per cent thoria in the total oxides precipitated by ammonia (thorium, zirconium, 
rare earth). Sixty-five grams of this in a concentrated aqueous solution was 
extracted with 50 ml. of methyl yi-hexyl ketone for 24 hr. The layers were sepa- 

TAHLK 7 

Distribution of various nitrates between water and rnethi/l n hexyl ketone at room temperature 

I RATIO OF com BNTR I 

\'lTR\Tr ! XloNlNKI-TOm TO I VNHYDROUS NITRATF 

i CONCKNTRAIION IN j IV AQUKOUS RHASI 
1 AQUKOUS PHASl i 

j per cent 

<0 0012 I 33.0 

0 012 i 31.9 

0 008o I 14 5 

<0 0029 : 12 8 


Pan* earth nitrate (.\) 
Ca(NO.).i4ll,() 

KNOr 

Zr()(N ().,)2 211,4) 


rated, the ketone washed with water, and the nitrates were crystallized. This 
().8-g. product analyzed 94.7 per cent thoria in the total heavy oxides. An 
attempt to conceiilrate the residual aqueous solution by heating caused the loss 
of about half of the material. The remainder was reagitated with the washed 
ketone; the yiekl of this se(;ond extraction was 1.5 g. of nitrate containing 89.0 
per (*ent thoria in tlu» total heavy oxides. That the potassium and calcium were 
not appreciably extracted was ascertained by other ignitions. 

It is seen that the yields are very dependent upon the exact concentration of 
the initial aqueous solution. 'Fhere are many problems of manipulation involved 
in licpiid-liciuid extraction with these solvents, which must be solved by further 
work. The iodate method used here for thorium tends to give results about 1 
per cent low; therefore all enrichments given are conservative. 

SUMMARY 

1. Complete data have been obtained for the distribution of thorium nitrate 
between water and each of the following solvents: methyl /^-hexyl ketone, methyl 
n-amyl ketone, methyl isobutyl ketone, isoamyl alcohol, and n-hexyl al(4)hol. 
Distribution expressions have been calculated, discussed, and plotted. 
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2. The effect of added nitric acid on the ^tems containing methyl n-hexyl 
ketone and n-hexyl alcohol has been investigated. 

3. Preliminary leaching and liquid-liquid extraction runs with methyl n-hexyl 
ketone have been presented to show the use of these solvents in extracting 
thorium from the rare earths and zirconium. 

This research was supported in part by the Research Committee of the Uni- 
versity of Wisconsin Graduate School from funds supplied by the Wisconsin 
Alumni Research Foundation. 
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STUDIES ON AGING OF PRECIPITATES AND 
COPRECIPITATION. XLI 

The Bulkiness and Pobosity op Silica Powdeb 

I. SHAPIRO* AND I. M. KOLTHOFF 
School of Chemistry, University of Minnesota, Minneapolis H, Minnesota 

Received November IS, 1947 

From the studies of Roller (15) on the bulkiness of various powders it follows 
that when the particle size of a powder decreases below a critical value, the bulki- 
ness increases rapidly; and when the particle size becomes greater than the crit- 
ical diameter, the bulkiness of the powder mass remains essentially constant. 
For the several powders investigated the relation of bulkiness to particle size can 
be expressed by the empirical equations: 

V = A: Q" d £ dc (la) 

and 

F = X d^dc (lb) 

where F is the volume of voids per unit weight of material, d is an average (statis- 
* Present address: United States Naval Ordnance Test Station, Pasadena, California. 
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tical) diameter of the powder with the subscript c denoting the critical diam- 
eter, and 1C, /c, and n are constants. 

The bulkiness has been ascribed (15) to general electrostatic forces of repulsion 
and to surface irregularities and other specific properties of the powder grains 
such as shape and hardness. In addition, the bulkiness depends upon such fac- 
tors as the method of packing the powder and the superincumbent weight of 
powder in the measuring container. The latter factors aia a function of the ex- 
perimental techniques employed and thus can be minimized or held constant. 

In the experiments carried out by Roller the values of the density of the vari- 
ous powders were of the same order of magnitude but their shape characteristics 
were different. Hence differences in the values of the constants in equation 1 
became attributes of the particle shape. By utilizing a powder composed of par- 
ticles whose shape is fairly uniform and approaches spheres but whose density is 
of a different order of magnitude from the powders employed in Roller’s experi- 
ments, one can ascertain the applicability of equation 1 over wide limits and get 
more insight into the phenomenon of increasing bulkiness with decreasing par- 
ticle size. A powder which fulfills the necessary requirements for su(;h a type of 
an experiment is silica gel. The highly porous nature of the gel structure de- 
creases the effective density appreciably, yet the rigidity of the structure keeps 
the particles from collapsing. A ‘^grain” of silica gel is actually an aggregate of 
minute primary particles. 

From the experiments reported by Roller and in this paper it appears that the 
bulkiness of coarse grains , (above a critical size) is determined entirely by the 
porosity of the grains and a constant packing factor. In other words, above the 
critical size the void between the grains becomes constant. Below the critical 
size the void is found to increase markedly with decreasing size. It becomes evi- 
dent that in order to correlate the bulkiness of the powder with particle size, it is 
necessary first to differentiate between the interstitial or intraparticle voids, i.e., 
voids between individual primary particles, and the interparticle voids, i.e., 
voids between aggregate particles composed of primary particles. This distinc- 
tion has been accomplished by determining the porosity of the grains prior to 
the bulkiness of the powder. 


EXPERIMENTAL 

Material: The silica gel used in these experiments was a product of the Mal- 
linckrodt Chemical Works and was labeled “Acid Silicic, precipitated, analytical 
reagent”. A gi’avimetric analysis (8) of the silica (volatility by hydrofluoric 
and sulfuric acids) showed 0.25 per cent non-volatile impurities. The particle 
size of the gel grains varied froni less than 1 ^ to over 200 n, Hygroscopicity 
measurements indicated that the water content of the silica def)ends upon the 
relative humidity of the atmosphere. 

Water content: The silica contained a small jiercentage of “bound water,” 
i.e., water that is retained by the silica at 110°C., and a variable amount of 
adsorbed water which is found from water-adsorption experiments. Essentially 
the hygroscopicity experiments consist of placing weighed samples of a definite 
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size fraction of silica powder in hygrostats at fixed relative humidities at room 
temperature. After equilibrium has been established, the samples are re- 
weighed and then ignited at 1000®C. to obtain the dry weight of silica. 

Particle-size separation: An air elutriation method was used for sizing the micro- 
scopic (subsieve) particles. The apparatus consisted of a Roller air .separator 
(16) through which air of low relative humidity was maintained at certain veloc- 
ities corresponding to definite size particles as calculated from Stokes’s law. 

Particle-size measurement: Each fraction of the powder was examined micro- 
scopically. The technique for mounting the powder on slides is to place a minute 
quantity of sample (the amount of powder required increases n ith the size of the 
particles) toward one edge of the slide and to add several drops of amyl acetate 
so that the liquid flows into the powder. Then the sample is “touched” with 
one end of a glass rod. This motion is sufficient to disperse the powder com- 
pletely. By tilting the slide, slightly to one side and then rotating it, one can 
spread the powder evenly over the entii'e slide. ’rh(> amyl acetate is allowed to 
evaporate and the “dry mounting” is examined under suitable magnification 
(lOOX, 200X, and oOOX) with a filar micrometer eyc'piocc. The succe,ss of this 
type of mounting is apparent from the photomicrogiaphs of figure 1, which 
shows each specimen at a magnification of 100 X for comparison purposes. 

Two hundred particles from each sired fraction of powder were measured 
jiccording to the method of Martin (13). The frecpiency size-distribution data 
wei’e plotted on logarithm-probability paper (1, 12), so the statistical diameters 
could be calculated from the equatioas of Hatch and Choate fO). 

True, density: The tnic density of vitreous silica as icported by Sosman (18) 
is 2.20 g./ee. Identical values have been obtained on the silica u.sed in these 
experiments by two different methods: (/) By measuring the density by the 
pycnometer-benzene liquid technique after the silica had been heated to a tem- 
perature of 1000°C., and (^) by c-ompressing (co. 40(M) jitm. pressure) the un- 
heated silica of very high water content in a specially constructed die (whose 
dimensions are known accurately) until part of the water is s(pieezcd out of the 
silica pellet. The water content remaining in the pellet after compression is 
determined by ignition. The apparent density of the water-soaked pellet was 
1 .178 g./cc. and the water content was 39.5 per cent based on dry silica. From 
these data the tnie density is calculated to l>e 2.20 g./cc., as,suming that the water 
fti the silica has its normal density. 

A pparent density: The apparent density of the particles has been determined 
by several methods. The mercury pycnometer method (7, 11) utilizes a small 
glass bulb of 6-cc. capacity which is attached through a three-way stopcock to a 
vacuum pump and a small funnel, respectively. A known weight of powder is 
placed in the bulb and the system is evacuated; then mercury is introduced 
into the bulb through the funnel. Since the air has been removed by evacuation , 
the mercury may be expected to fill all of the .space between the individual grains, 
but no mercury will penetrate the “submicroscopic pores and capillaries” (14) 
within the grains. 
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Fig. 1 Photomicrographs of silica powder 
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Fig 1. Photomicrographs of silica powder 
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In order to find the “true” apparent density by the mercury pycnometer 
method, it appeared necessary that the average particle (grain) size of the silica 
be greater than m. 70 /x. Below this value the mercury doe^ not surround com- 
pletely the individual grains; large clumps of white powder remain visible in the 
pycnometer bulb after the addition of mer(*ury. In these instances the volume 
of displaced menauy really represents the volume of the particles plus the volume 
of void space between some of the particles. Thus while it is possible to find 
an experimental value for the apparent density of the powder irrespective of the 
size of its grains, this value would not correspond to the “true” apparent density 
unleKSS the average value of the grain size exceeds 70 ju. This value of 70 n 
applies to the heated powder as well as the unheated powder. 

Anothei- method for determining apparent density is to measure the relative 
de(U'eas(‘ in grain size (microscopic examination) of a sized sample (greater than 
70 m) upon heating to high temperatures (1000°(^), and then measuring the 
apparent density of the heated powder. Xo perceptit)le sintering occurred at 
this elevated temperature, so no difficulty was encountered in dispersing the 
grains with amyl acetate for the micros(‘opic examination. Studies on thermal 
aging of silica to lx* published at a later date show that at 1()00^(\ the silica loses 
all of its bound water and no longer has the capacity to al)sorb water. Also, 
heating the partiedes does not alter appreciably the shape of‘ its size-distribution 
curve. While no intragrain sintering was found to occur between large particles 
or grains, some intersintering within the individual graiTis occurs because they 
shrink and become harder to (*rush. 

.\s a third method the apparent density of the unheated i)owdor can be cal- 
culated from the bulk density of the powder before and after heating and the 
apparent density of the heated powder. 

Bulking of Htlica : The bulk density pb is dehned as the weight of dry powder, 
i.e., corrected for water content, that is required to fill a unit volume of a packing 
when no external pressure is applied to the powder. The measuring container 
was a covei-ed weighing bottle (approximate dimensions 1.3 cm. diameter x 
4 (*m. length) whose volume up to a scratch mark was obtained by weighing the 
vial with mercury. In calibrating the vial, a plunger was inserted in the con- 
tainer in ord('r to (diniinate any correction in volume for the curvature of the 
mercury m('niscus. The volume of the container to the level of the mark was 
4.92 cc. 

A uniform packing of the powder in the container was obtained by rotating 
and tapping the bottle simultaneous^’^ on a hard baseboard until the level of 
poAvder no longer settled. Sufficient powder was added so that the level of pow- 
der finally coincided with tii(^ scratch mark on the bottle. After weighing, the 
bulked powder was poured directly from the weighing bottle into a platinum 
crucible and ignited. For the finer fractions of the powder a reproducibility 
Avithin several per cent avhs achieved, Avhile for the coars(u* fractions the repro- 
ducibility Avas Avithin 1 per cent. 
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BESUl/rS AND DISCUSSION 

Particle site 

In figure 1 are photomicrographs of l^e various sized fractions of the silica 
powder. The actual size distribution of the silica particles in each fraction is 



Fia. 2. Size distribution of silica particles 


shownfgraphically by logarithm-probability curves in figure 2. The mean- 
volume diameter, d„ is obtained from the following equation (6) : 

“ y ~ exp(Indj + 1.6 In* a) (2) 

where dg is the log-geometric mean diameter which corresponds to the value of 
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60 per cent on the probability scale of figure 2, and <rg is the log-geometric stand- 
ard deviation which can be found by 


(Fg 


aige 

d50%Bi«e 


d50%BiBe 
dl6.87% Bize 


( 3 ) 


The geometric-mean diameters are tabulated in table 1. 

The theoretical particle size for each size fraction listed in table 1 is the arith- 
metic mean of the limiting diameters of particles that correspond to certain air 


TABLE 1 


Size separation of silica powder 


SAMPLE NO. 

AIE VELOCITY* 

TSEOSETICAL 
LIMIT DIAMETSm 

HjO 

AEITHMETIC 

AVEEAGE 

1 DIAMETER d 

GEOMETRIC- 
MEAN DIAM- 
ETER dg 

RATIO dg/d 

1 

cm. 1 second 


percent 

M 

n 


1 ! 

0.0407 

2.5 

10.58 

1.25 

2.3 

1.84 

2 

0.163 

5.0 

9.24 

3.75 

6.0 

1.60 

3 

0.651 

10 

9.11 1 

7.5 

15.8 

2.11 

4 

1 1.462 

15 

9.54 1 

12.5 

1 20.6 

1.65 

5 . 

1 2.60 

20 

9.53 ! 

17.5 

! 30.4 

1.74 

6 

5.85 

30 

9.82 

25.0 

48.5 

1.94 

7 

10.4 

1 40 

11.58 

35.0 

64.0 

1.83 

8 

16.3 

1 50 

I 11 11 

45.0 

82.0 

1.82 

9 

23.4 

i 60 

i 12.32 

55.0 

102.5 

1.86 

10 

36.5 

1 75 

j 9.37 

67.5 

124.0 

1.84 

11 


>75 

9.36 


183.0 



* Relative humidity of air «= co, 10 per cent. 


velocities as calculated from Stokes’s law. Stokes’s law can be expressed by the 
equation (IG): 


18 ); 


(i) 


where v is the terminal velocity of fall in centimeters per second in a stationary 
fluid, g is the constant of gravitation in c.g.s. units (= 980 cm./sec.*), p is the 
density of the particle in grams per cubic centimeter, i> is the viscosity of fluid 
in C.G.S. units (>j = 1.82 X 10'^ poises at 20'’C. for air), and d is the diameter 
of the sphere in microns. By arbitrarily selecting convenient values for the 
diameter (column 3, table 1), one obtains the corresponding air velocity (from 
equation 4) which will remove all particles less than the stated size from the 
original mixture of the powder. The value of the density of the silica particle 
used in equation 4 for arriving at the theoretical particle sizes was taken as 2.20 
g./cc. The large difference between actual particle size and theoretical particle 
size indicates that the dfective density of the grains is considerably smaller 
than the assumed value of 2.20 g./cc. 
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Water content 

The sorption isotherms of water on silica shown in figure 3 are sigmoidal in 
shape. Identi<!al curves were obtained for a fine powder (sample No. 1), a coarse 
powder (sample No. 9), and a mixture of various-sized particles. The specific 
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surface calculated by the method of Brunauer, Emmett, and Teller (2), using 
10.6 A.' as the cross-sectional area of a single water molecule (10), and by the 
method of Harkins and Jura (5) gives a value of 300 sq.m, per gram of dry silica. 
In calculating the specific surface only the reversibly held water was considered 
as being adsorbed. The 6 per cent water retained by the powder at zero humid- 
ity is not driven off at il0°C. and therefore is considered as ^^bound^^ water and 
does not represent “available surface” by adsorption. 

A calculation of the external surface (from geometric considerations) for sample 
No. 9 gives approximately O.l sq.m, per gram of silica. Thus the enormous in- 
ternal surface is indicative of the highly porous nature of the silica powder. 
As expected from figure 3, one finds from table 1 that the water (‘untent for the 
various size fractions of the powder is essentially (‘onstant when exposed to air 
of approximately 10 per cent relative humidity. Hence from surfac 45 considera- 
tions one can surmise that the gel structure (or porosity) of the particles is in 


TAHLK 2 

Apparent densitu of silica poirder 




UFR\GE 

BULK DLNSITN OF 

rVLCULVTED APPARENT 


DFNSITY BY 

1>1\MKTFH dg 

POWDER 

DENSITY, PJ 


MERCUIIY 
PYCNOME- 
TER ph 







SUIl'LI 

Un 

heated 

Heated 

Unheated 

(pH)j 

i Heated 
' {ptt)f, 

1 

(dhy 

(equation 5^ 

^^\{pH)k/ 

(equation 6) 


grams/cc. 



gram^/cc 

1 grami^/cc 

grams Icc 

grams/cc 

No. 9 (heated to 98()°(/.). 

1.530 1 

102 

SO 

0.498 

1 .002 

0.738 

0.760 

No. 10 (heated to 980^(\).. 
No. 9 (unhealed; 6 per 

1,600 

124 

97 

0.500 

' I 048 

' i 

1 0.764 

i 

1 0 764 

1 

cent iljO on drv 

0.762 

i 102 

1 



i 1 

1 

(0 762) 


dependent of its grain size. The grains can be considered as agglomerates of 
minute primary particles to the .surface of which water vapor has free access. 
This picture accounts for the large internal surfac^e and uniformity in porosity 
regardless of grain size. In this respect attention is called to the fact that Elkin, 
Shull, and Roess (3) have estimated the average size of the primary particles 
(assumed .spherical) in freshly prepared sili(;a gel to be around 30-60 A. from 
small-angle x-ray s(rattering measurements. 

Apparent density 

The data for calculating the apparent density by the several methods are 
tabulated in table 2. For two of the sized samples the particle sizes were 
measured before and after heating the powder to 980°C. At the elevated tem- 
perature the grain size decreased, owing to “thermal aging” of the primary par- 
ticles, but no perceptible sintering of the grains occurred. The apparent dens- 
ities of the heated powders were obtained by the mercury pycnometer method. 
The apparent density of the unheated powder was calculated from the relation- 
ship 

P/ = P.(|) (5) 
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where p and d are the apparent density and average diameter, reqsectively, with 
the subscripts / and h referring to “fredr” and “heated” samples. 

The apparent density was calculated in another manner by dc^termining the 
wei^t (rf (dry) silica that can be bulked for the heated and unlmated samples 
under similar eT^rimental conditions. . Later it is shoMm that as long as tiie 
particles a powder are fairly uniform in mze and above a critical value, the 
packing fraction constant (C) for the heated and unheated powders is ess e n ti all y 
the same, so the ratio of the bulk density for the heated and unheated powder 
becomes equal to the ratio of the apparent density of the heated and unheated 
grains, viz.: 

(pa)* ^ Pfc(l ~ C't) PJ (Q\ 

(P*)/ P/(l ~ ('/) P/ 

It is interesting to note that the apparent density calculated by the indirect 
methods agrees fairly well with the apparent density obtained from direct 
measurements on the unheated silica. The value of 0.762 g./cc. is based upon 
water-free silica. Taking the true density of the silica as 2.20 g./cc., the poros- 
ity of the individual grains or the intraparticle porosity is 65.4 per cent. 

From table 1 it is observed that the ratio of measured particle size to theoretical 
particle size is approximately constant. By substituting the value for the 
apparent grain density for the solid density in equation 4, the ratio of the meas- 
ured diameter to theoretical diameter becomes 1.1 instead of 1.8. This slight 
deviation of the ratio from unity can be attributed to the effect of the shape of 
the particles. In calculating the particle dze from Stokes’s equation, the value 
of the apparent density used in equation 4 was 0.84 instead of 0.762 g./cc. lie- 
cause of the CO. 10 per cent water content in the particles. 

Bulkiness 

The values of the bulk density (on the dry basis) of the various size fractions of 
inlica powder are given in table 3. The bulk density is found to be independent 
of the amount of water adsorbed by the silica. The total air space in the bulked 
powder represents the void between the particles and the void within the aggre- 
gate particles, i.e., the space between the primary colloidal particles of the gel 
which constitute the grains shown in figure 1. Since the packing of the primary 
particles within the grains has been shown to be unaffected by the size of the 
grains, the increase in bulkiness with decreasing particle size must be a measure 
of the increase in void between grains. The fraction of interparticle void space, 
C in cubic centimeters per 1 cc. of dry powder (column G, table 3), can be calcu- 
lated with the help of the foUoiving equation: 

C = 1 - (7) 

Pf 

The volume of the void space, V, between grains expressed in cubic centimeters 
’ per gram of dry alica is obtained by 

Pb pf Pii 


(8) 
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By plotting the data for Y and d (mean-volume diameter) from table 3 on log- 
log paper, one obtains a curve (figure 4) which can be represented mathemati- 

TABLE 3 


Bulkiness of unhealed silica 'powder 


SAMPLE MO. 

MEAN'VOLVME 

DIAMETEK 

HsO 

WEIGHT OF 
(dev) POWDEE 
,IN 4.92 CC. 

BULK DENSITY 
PB 

INTEEPAETICLE 
VOID SPACE 

C 

VOLUME INTEE- 
PAETICLE VOID 
SPACE 

V 



per cent 

grams 

grams Icc, 

per cent 

cc.jgram 

1. 

2.3 

10.58 

0.420 

0.0855 

88.8 

10.40 

2 

6.1 

9.24 

0.950 

0.193 

74.7 

3.87 

3 

16.1 

9.11 

2.121 

0.431 

43.4 

1.005 

4. 

21.2 

9.54 

2.290 

0.466 

38.8 

0.832 

5 

31.6 

9.53 

2.396 , 

0.487 

36.1 

0.741 

6 

50.8 

9.82 

2.444 ' 

0.497 

34.7 

0.698 

7 

67.2 

11.58 

2.432 

0.494 

35.1 

0.711 

8 

86.0 

11.11 

2.457 

0.499 

34.5 

0.692 

9 

107.0 

12.32 

2.450 1 

0 498 

34.5 

0.693 

10 

130.0 

9.37 

2.460 1 

0 500 

34.4 

0.688 

Original 

1 

! 

12.63 

2.447 

0.498 

34.5 ! 

0.693 



cally by equation 1. The values of the constants are: k = 29.5, n = 1.183, and 
K *= 0.69. The critical diameter, de, from figure 4 is 23 n, a value which is Avithin 
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the range found by Roller for other powders. Since the apparent density of the 
silica powder is very small (0.762 g./cc.) as compared to powders such as anhy- 
drite (2.91 g./cc.), it may well be that the critical diameter is independent of 
the chemical composition and shape of the particle but depends solely upon its 
size (and electrostatic charge). 

The constancy of the value for per cent interparticle void space for particles 
greater than the critical diameter (table 3) is a good indication of the similarity 
in packing of the particles. In this connection, when data from table 2 of 
samples No. 9 and 10 which were preheated to 980°C. are placed in equation 7 
(substituting ph for p/), the calculated values of C tecome 34.6 per cent and 34.5 
per cent, respectively. These values are in agreement with porosity valiums for 
unheated silica. From geometric considerations the packing of uniform-size 
spheres in a hexagonal close-packed arrangement gives a calculated porosity of 
2() per cent, which represents a lower limit for the relative volume of pon^ space 
between particles. Since the volume of irregular shaped particles is smaller 
than the volume of spheres of the same mean diameter, the porosity for irrc'gular 
particles will be somewhat greater than 20 per cent. Actually, the inlcrparti(5lo 
porosity of irregular particles varies mainly between 35 and 45 per cent (9). 
The over-all value of 34.5 per cent porosity found for sili(^a powder is indicative 
of the low degree of irregularity in shape. 

An examination of particles under 1 p. diameter at high magnification shows 
that their degree of irregularity is the same as that of parti(?les of larger size. 
Thus the large values of interparticle void space for the small-size particles can- 
not possibly be attributed to mere surface irregularities. Studies on the elec- 
trification of particles show that dust particles are charged and that the charge is 
a function of the chemical composition and size of the particles (17, 19). Honing 
(1) has demonstrated that charges could be produced by friction and contact be- 
tween particles themselves. In this connection it was found that in the size sepa- 
ration of the silica particles it became necessary to ground all metal parts of the 
apparatus, otherwise the small particles tended to adhere to the metal. Thus 
it appears that the cle(^trostati<; charges are the contributing factor for thf‘ in- 
crease in bulkiness with decreasing particle size. 

SUMMARY 

The porosity and bulking properties of silica powder as a function of particle 
size have been investigated. The “grains” of silica, which are believed to con- 
sist of aggregates of minute primary particles, had a total surface of 300 sq.m, 
per gram of dry silica, a value which is many-fold greater than that corresponding 
to the external surface of the grains. The porosity of the grains or intraparticle 
porosity is independent of the grain size and has been calculated to be 65.4 per 
cent. 

The bulkiness or volume of interparticle void space V in cubic centimeters per 
gram* (void between grains of powder) increases markedly as the grain size de- 
creases below a critical diameter and can be expressed empirically by the Rol- 
ler equation, 
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V-iQ dSrf, 

where the values of the constants were k = 29.5 and n == 1, 183. Above the (‘.rit- 
ical diameter (dr = 23 /n) the volume of interparticle void space remained essen- 
tially constant at 0.09 cc./g. This value corresponds to an inlerparticle porosity 
of 34.5 per cent. 

The in(*rease in bulkiness Avith de(‘reasing grain size is ascril)ed io general 
electrostatic forces of repulsion. 

The authors are grateful to Mr. M. W. Wel(4i of the W. M. Welch Scientific 
Company, Chi(!ago, for the financial grant that made possible this research. 
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INTRODUCTION 

The high-speed centrifuge in recent years has become an invaluable tool in 
many branches of colloid and biochemical research. In addition to the technical 
improvements enabling the attainment of centrifugal fields as high as 500,000 
times gravity, there have been developments in the optical methods used for 
study of the sedimenting material. The brilliant researches of The Svedberg and 
his collaborators (15) have culminated in the development of the ultracentrifuge. 
Centrifuges of another design have been developed by Beams and coworkers (2), 
Bauer and Pickels (1), and Wyckoff and Lagsdin (17) with the logical addition of 
a quantity-type rotor for centrifuging moderate quantities of liquids. The work 
of Stanley (12) has shown this quantity-type centrifuge to be of inestimable 
value in the isolation and purification of viruses. However, the need for a less 
expensive centrifuge capable of continuous flow operation and of sedimenting 
particles as small as the viruses resulted in investigations concerning th§ possi- 
bilities of the Sharpies supercentrifuge. 

Hauser et al. (4, 5) devised an efficient procedure for fractionating bentonite 
suspensions into several reasonably monodisperse fractions by utilizing the theory 
and equations derived for the Sharpies supercentrifuge. It was also demon- 
strated (5) that, with very little effort, the size of a well-defined fraction of par- 
ticles could be evaluated. Success in quite a different field was experienced by 
Stanley (13, 14), who sought a better method for the isolation of viruses on a 
large scale. In view of the practical value of the Sharpies supercentrifuge in the 
purification of tobacco mosaic and influenza viruses, it seemed worthwhile to 
reexamine the theory of sedimentation in the supercentrifuge in an attempt to 
adapt it for the calculation of the sedimentation constants of those materials 
capable of being sedimented in fields of about 60,000 times gravity. An estimate 
of the reliability of the supercentrifuge method could then be made by comparing 
the results with those obtained by direct measurement in the ultracentrifuge. 

THEORETICAL 

Hauser and Reed (4) assumed that every particle in the bowl of the Sharpies 
centrifuge is subjected to two velocity components, one perpendicular and the 
other parallel to the axis of rotation of the bowl. The first, whose nu^mii'Ude is 
dependent on the centrifugal field, can be expressed quantitatively by a modified 
Stokes law for falling bodies; the second is proportional to the rate of flow of 

* Junior Research Fellow of the National Institute of Health. 
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material through the bowl and can be defined by Newton’s law of viscous flow. 
Under given experimental conditions the point at which a particle hits the wall 
will be a function of the point of departure and the effective mass and shape of 
the particle. This can be expressed by 

Y = F(X„m.,f) (1) 

where Y is the distance in centimeters from the top of the straightening vanes to 
the point at which the particle settles, w, is the effective mass of the particle, f is 
the frictional coefficient of the particle, and Xo is the distance from the axis of 
rotation at which sedimentation started (figure 1). The velocity component in 
the X direction can be expressed by 

d fflg CO J/ /oN 

( 2 ) 

where co is the angulai’ velocity of the centrifuge bowl in radians per second. 
Reed (91, following the treatment of Lamb (6), found 


dj/ Qmla.X r . X I Ri X "1 

dt ~ OOiriRl - R\) L ‘ J 


( 3 ) 


for the velocity component parallel to the axis of rotation.^ In the present work 
the bowl has the dimensions Ri = 0.734 cm., Ri = *2.22 cm., and K = 1.11, and 
Qmin. is the rate of flow' of solution through the bowl in milliliters per minute. 
Combining equations 2 and 3 and integrating between the limits x — Xo, y = 
0 and .T = Ri,y — Y leads to equation 4: 


1' 


(^min. 


f 


60r(Rl - R!) m. colT Xo 


Rl 


J?2 



(4) 


2 Lamb (6) derived the equation 

-?‘-^V + Alogx + B (3») 

di Arjl 

for the velocity of flow of liquid in a pipe of uniform circular section where I is the length of 
the section under consideration, is the pressure drop across that section, t? is the vis- 

cosity of the medium, and A and B arc constants of integration. In the case of flow in the 
centrifuge bowl the treatment dilTers from that of Lamb in that the boundary conditions 
for integration are those of a concentric shell of fluid rather than a solid tube of fluid. The 
constants A and B are evaluated by the use of the boundary conditions, dy/dt =* 0 at x =* 

Bit and ^ J « 0 at x « i2i. Combination of the resulting equation with the equation 
dx\df / 

for the flux across any section, 

r** dy 

Q ^ I ~ 27rx dx 

leads to equation 3. 
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Followii^ the notation of Svedberg (16), the sedimentation constant, a, is defined 
as 

dt 



which, according to equation 2, is equal to m,/f. Substituting for the appro- 
priate constants, correcting radians per second to n.p.M., and rearranging terms 
leads to*]e(iuation 5 

where C = 0.6235 + 0.277X1 - 5.19 log Xo - 1.58 (log Xo)*. 

According to the treatment proposed by Hauser et al, (4, 5) it is expected that 
under a given set of experimental conditions the larger particles in the solution 
would settle out on the liner sooner than the smaller particles. Still smaller 
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particles would pass out of the bowl, because insufficient time is allowed for the 
centrifugal fonie to act. If the rate of input of solution is decreased or the (‘cn- 
trifugal force increased, some of the smaller particles would also settle onto the 
Avail of the (centrifuge bowl. It thus would be possible to vary the yield of sedi- 
mentaticm and the distribution of particles along the centrifuge bowl by changing 
the experimental conditions. At very low rates of floAv most: of the particles 
Avould be found at the bottom of the bowl and a good yield would result. At 
higher rates of flow^ the distribution of sediment along the bow l w ould be approx- 
imat^ely uniform but the yield poor, because many particles would pass out the 
overflow Aveir. It folloAvs that there Avould exist an optimum set of operating 
conditions combining high yield and large capa(‘ity. In general, the distribution 
of particles along the boAvl after a mn under optimum (‘ondilions would be non- 
uniform, Avith more particles at the bottom than at the top. In the special case 
in which the solution under investigation contains particles (covering but a small 
range of size and shape, the distribution of sediment obtained under optimum 
operating conditions Avould approacch uniformity Avith only slightly more particles 
at the bottom of the boAvl than at the top. This is to be contrasted Avith the case 
of solutions containing particles of many sizes. Under such circumstances the 
distribution of sc'diment obtained under optimum conditions Avould not approacdi 
uniformity. The rate of floAv Avhich gives a nearly uniform layer Avould be too 
fast for the vsettling of the small particles in the suspensiem and a poor yield Avould 
r(*sult. Similarly, at a rate of input sIoav enough to produ(*e a good yield, the 
large particles would settle at tlu' bottom of the boAAl and the resulting layer 
would be decidedly non-uniform. 

hApiation 5 applies to solutions containing any distribution of parti(*le sizes, 
and it can b(» simplified for the special case of solutions of homogemeous material. 
W'hen su(*h solutions are used there Avill be but one particle size at ea(‘h point on 
the boAvl; con\Trsely, a particle at a given value of Y must have started from a 
unicpie value of A'o. It can thus be assumed that Y = /i(Xo). Figure 2, an 
empirical chart illustrating 1’ = /i(A"o), Avas obtained by means of a careful study 
of a fractionated bentonite suspension Avhich Avas analyze^d foi* particle size by 
measuring experimentally the Aveight distributhm along the bowl and calculating 
the particle size distribution by the e(puitions derived by Hauser and Reed (4). 
The cakailations indicated that the values of A"o foi' a definite value of Y did not 
vary much for different particle sizes. This, of course, is true only if the size 
distribution curve is sharp and the sedimentation along the boAvl is nearly uni- 
form and in good yield. In this Avay, aA^rage A^alues of A'o for the different Y 
values Avere obtained empirically. Since C is a function of A'o, it is possible to 
obtain C = / 2 (F). In vieAv of the approximations involved in this treatment an 
average sedimentation constant can be calculated by using the v^aliie C = 0.32 
for Y = 10 (10). Substituting for C and Y into equation 5 leads to: 

s = 0.0035 (6) 

It must be restated that equation 6 can be used for the calculation of sedimenta- 
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tioQ constants only if the experimental conditions are optimal so that an approx- 
imately uniform layer of sediment and good yield are obtained. 

EXPERIMENTAL 

In a detailed series of experiments, Stanley (13) found that yields of tobacco 
mosaic virus as high as 93 per cent were obtained by passing the virus solution 
through the laboratory-model Sharpies supercentrifuge operating at 50,000 
R.p.M. with the rate of input of solution about 15 ml. per minute. Using equation 
6 and these data a value of 210 S for s is obtained. To test the sensitivity and 



Fio. 2. Paths of the particles in the howl 

accuracy of the method, further experiments were conducted with tobtacco mosaic 
virus. 

A stock solution containing 60.2 mg. of tobacco mosaic virus per milliliter, 
which had been partially purified by precipitation with ammonium sulfate, was 
used. Three liters of a solution containing 3.23 rag. of protein per milliliter in 
distilled water were fed into the centrifuge bowl at 12.1 ml. per minute at a 
temperature of 21®C. The angular rotation of the bowl was 50,000 b.p.m. Upon 
inspection, approximate uniformity of sedimentation of the virus along the entire 
length of the liner was observed with a yield of about 91 per cent. Substitution 
of the appropriate quantities into equation 0 leads to a value of 170 S for the 
sedimentation constant of tobacco mosaic virus under the conditions of the run. 
A certain amount of ambiguity necessarily complicates a complete understanding 
of the true sedimentation rate, owing to the temperature gradients that were 
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present. It was found that the liquid which drained from the bowl on stopping 
was at a temperature of about 26®C., despite attempts at cooling by incorporating 
into the otherwise regular supercentrifuge a cooling coil, through which water at 
about O^C. was passed. The temperature of the effluent unfortunately cannot 
be used to advantage because of the evaporation and accompanying cooling of 
the liquid as it leaves the bowl and passes through the exit spout through which 
air is constantly circulating. Until more accurate determinations of temperature 
conditions in the bowl itself are made, the value obtained from the drainings will 
be used. Correcting the value of s at 26°C. to the reference temperature of 20°C. 
yields 147 S (uncorrected for viscosity and density of the medium because of 
lack of knowledge of impurities). The value 159 S (also uncorrected for the 
medium) was obtained by a study in the analytical ultracentrifuge of the Bauer 
and Pickels type equipped with the Svensson optical system. The agreement 
of the value obtained with the Sharpies supercentrifuge with that obtained with 
the reliable ultracentrifuge was good, for the discrepancj^ wiis only about 8 per 
cent. 

In the second experiment two batches of virus solution were prepared contain- 
ing 2.91 mg. of protein per milliliter. One solution was mn through the machine 
at 14 ml. per minute at a t/Cmperature of 27°C. with the resultant yield of 84.5 
per cent. The second solution w’as passed through the bowl at 12.5 ml. per min- 
ute. In this case the yield was 85.4 per cent, a value not significantly different 
from the previous run. More efficient cooling was obtained during the second 
run, with the result that the temperature was very nearly constant at 22.5®C. 
^’alues of S 20 equal to 166 S and 1 65 S w ere obtained in these nins. The analytical 
ultracentrifuge gave a value of 169 S for ^^ 20 , in excellent agreement wuth the 
values obtained by the Sharpies supercentrifuge. 

A third experiment was conducted to determine the uniformity of the sediment 
along the centrifuge bowl. About 1600 ml. of a solution of purified tobacco 
mosaic virus in distilled water containing 3.06 mg. of protein per milliliter was 
passed through the centrifuge, rotating at 50,000 r.p.m., at 11.4 ml. per minute. 
The use of a brine-ice mixture to cool the centrifuge bowl served to reduce the 
operating temperature so that the bowi drainings were at 14.5®(\ The yield in 
this run w^as 78 per cent and the plot of cumulative weight per cent vs, distance 
in centimeters along the bowl w^as approximately linear. A value of sm of 183 S 
w’as calculated for this run by means of equation 6. The value sao = 170 S w^as 
obtained by a study of the same material in the ultracentrifuge. 

DISCUSSION 

Under controlled experimental conditions, as show n in the above experiments, 
the error in evaluating the sedimentation constant of tobacco mosaic virus by 
means of the Sharpies supercentrifuge is small. In order that equation 6 be 
satisfied, the material under investigation must be in a reasonably homogeneous 
state, as in the cases of purified viruses or fractionated bentonite. Another pre- 
caution to be observed concerns the rate of input of solution. Optimum oper- 
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ating .conditions must be adhered to, so that the material will sediment in yields 
of about 85 per cent and with approximate uniformity of sediment along the 
bowl. Obviously the supercentrifuge is incapable of efficiently sedimenting ma- 
terials as small as egg albumin, but it is useful for materials, like the viruses, with 
sedimentation constants of about 100 S and larger. 



Fui. 3. Plot of calculated cuniulativo weight per cent vs. distance in centimeters along 
the bowl. • represents (‘xperirnental data. 

Of interest is the fact that the data of figure 3, Corresponding to the third 
experiment, can lx* used to calculate the sedimentation constant of the virus 
without assumptions regarding Y == fi(Xo) and without the empirical calibration 
factor, C = 0.32 at Y — 10. 

Hauser and Reed (4) showed that the number of particles which have settled 
out on the tvall before point A (figure 1) is reached is proportional to the ratio of 
the total volume of solution flowing across the area enclosed by the concentric 
circles of radii Xo and Ri to the total amount of suspension fed into the bowl. 
Since the weight of the particles is proportional to their number this relationship 
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can be expressed as 
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% 2wx d.r 
d/_ 
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^vhere Wy the weight of particles which have settled out at a given point and 
W is the total weight of particles entering the bowl . The values of the cumula- 
tive weight per cent, {Wy/W) X 100, are determined experimentally. Equation 
3 gives dy/At as a function of x, and thus the integral of ecjuation 7 is in terms of 
-Yo alone. However, Xo depends on and Y in a (^ornpli(*ated fashion, therebj'^ 
presenting almost insuperable obstacles to an exa(*t solution of equation 7. By 
a series of approximations it is possible to solve the e(iuation. A table for each 
assumed value of >S is set up containing the values of 1" considered, the values of 
C calculated from equation 5 for the known experimental conditions, the values 
of ecpiivalent to the calculated (\ and finally a column corresponding to 


I pd.i/ 
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which is eciual to the theoretically determined cumulative weight per (^ent. For 
the purposes of comparison a (*olumn is included which tabulates the experimental 
values of the cumulative weight fier cent-. The integral in equation 7 has been 
ev'^aluated for the (‘entrifug(‘ bowl involved in these studies and (*an be expressed 
by ('(piation 8 (10): 


1 

Q 


f ' ^ 2«-d.r = 1.2 - 0.3125A1 log A'„ - ().445A1 + 0.()32A'i 

•'jfo d/ 


( 8 ) 


Table 1 reprc'sents a sample calculation for the assumed valium .s* = 100 S. 

This calculation is repeated for several assumed values of the sedimentation 
constant, and the assumed value which gives the l)est correlation between the 
experimental and theoretical values for the cumulative* weight per cent is con- 
sidei’ed to be the most nearly correct. Table 2 shows the results of the calcula- 
tions for several different assumed sedimentation constants. These results indi- 
cate clearly that = 130 S and 6 = 190 S cannot be considered as solutions of 
equation 8. Similarly, it is clear fix)m the results presented in the table that 
values corresponding to s = 150 S to s == 170 S represent the l)est solution. The 
table also shows that no single value of the sedimentation constant can com- 
pletely account for the distribution of the virus sedimented on the walls of the 
centrifuge bowl. This is probably due to the limitations of the theory proposed 
in this treatment.' Under the conditions of operation of the centrifuge it is likely 
that streamline flow is not realized completely and the end effects at the bottom 
and top of the bowl are not negligible, as was assumed in the theory. It is of 
interest that the value obtained by the approximate treatment as expressed by 
equation 6 is in very good agreement vnth the value obtained by the more tedious 
and compli( 7 ated method involving the cumulative weight distribution (lurve. 
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Of additional interest is the fact that the calibration factor used in obtiuning 
equation 6 was obtained from studies on a fractionated bentcmite suspension and 
applied with considerable accuracy to the experiments on tobacco mosaic virus. 

The studies conducted by Stanley on the sedimentation of infiuoisa virus in 
the Sharpies supercentrifuge ptove of interest in a further evaluation of the 
theory presented for the sedimentation in the centrifuge. Stanley (14) concluded 
that the infectious allantoic fluid can be passed through the centrifuge at rates 
of flow between 40 and 50 ml. per minute with the recovery of approximately 80 
per cent or more of the biological activity. His studies were conducted at 50,000 
R.P.M. According to equation 6 the sedimentation constant of the influenza 


TABLE 1 

Sample c<ileulalion for the atsutned value a •> .160 S 
8 - 160 S; sto - 184 S 


Y 

c 

A'o 

[(Wy/W) X 100] 
(theoxy) 

{{WyfW) X 100] 
(expexiikent) 

4 

0.128 

1.72 

22 

18 

8 

0.266 

1.53 

37 

33 • 

12 

0.384, 

1.39 

49 

47 

16 

0.512 

1.271 

59 

63 


TABLE 2 

Results of calculations for several assumed sedimentation constants 


Y 

1 


[{Wy/W) X 100] 
(theory) 



[(Wy/W) X 100] 
(expehiment) 

j « 130S 
fao - 149 S 

$ « 150 S 

Sio « 172 S 

j » 160S 

520 184 S 

5 « 170 S 

5S0 - 195 S ^ 

5 * 190 S 

530 » 218 S 

4 

18 

21 

22 

23 

25 

18 

8 

32 

36 

37 

39 

42 

33 

12 

43 

47 

49 . 

51 

55 

47 

16 • 

52 

57 

59 

62 

67 

63 


viruses would be about 630 S. The most frequently reported values of the sedi- 
mentation constants of the strains of influenza virus lie between 600 and 700 S. 
Again, the results with the Sharpies supercentrifuge are in excellent agreement 
with the value obtained by the reliable ultracentrifuge technique. 

It is of interest that Markham (8), following the approach of Bechhold and 
Schlesinger (3) and of Schlesinger (11), calculated the sedimentation constant 
of tobacco mosaic virus on the basis of completely stirred sedimentation. Mining 
use of the formula for convective centrifuging, 

C'o 

he calculated values for the sedimentation constant which were in satisfactory 
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agreement with those found by Lauffer (7) by means of the ultracentrifuge. In 
equation 9, Ct is the concentration of virus in the supernatant fluid at time /, 
Co is the initial concentration of virus, A is the area of the internal surface of the 
bowl (279 cm.*), and V is the volume of solution that has passed through the 
bowl in the time t As Markham pointed out, equation 9 applies to the most 
unfavorable conditions for sedimentation, and the sedimentation constant values 
derived from it should be minimal. That they were, in fact, larger than the 
accepted value for tobacco mosaic virus could mean, as Markham indicated, that 
there was some concentration gradient formation in the supernatant. In that 
case sedimentation would occur more rapidly than expected and the values ob- 
tained by equation 9 should be high. Table 3 shows the results obtained from 
the present data for the sedimentation constants on the basis of convectionless 
sedimentation as expressed l3y equation 6 and under the conditions of convective 
centrifuging calculated by equation 9. In all experiments except the last the 
values obtained on the basis of stirred sedimentation are too high. The value, 
840 S, for the sedimentation constant of influenza virus is obtained by the use of 


TABLE 3 

Comparison of experimental results trith values calculated from two theories 

I I SEDIllENTATtON CONSTANTS, S 



Equation 6 

Equation 9 

Ultracentrifuge 

ptr ctni 




91 

147 

248 

159 

84.5 

166 

217 

169 

85.4 

i 165 

222 

169 

77 

183 

188 

170 


the data of Stanley (14) and etiuation 9. As in the case of most of the experi- 
ments Avith tobacco mosaic virus, the sedimentation constant for influenza virus 
calculated on the basis of convective centrifuging is too high. 

In an attempt to evaluate fui-ther the two theories for sedimentation in the 
Sharpies supercentrifuge the cumulative weight per cent curve was calculated in 
the following manner on the basis of convective centrifuging: 

d(7 RiO) .s/1 ,, MnA 

— C {W) 


dC ^ /II A 

dt~dy'dt ^ ’ 

In equation 11, dy/dl is the velocity of flow through the bowl, which is Q/v(Rl — 
Rl). Substituting for dy/dt in equation 11, equating 10 and 1 1, and integrating 
the resulting equation leads to : 

Cr _ -HtU^tAwlKl~HpYlVO 


( 12 ) 
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In equation 12, Cy is the virus concentration of the supernatant at point F, V is 
now the volume of liqtiid contained in the bowl, and the other terms are the same 
as defined earlier. By the use of equation 12 it is possible to calculate the per 
cj^nt of virus sedimented at any point along the centrifuge bowl: Figure 3 shows 
the msults obtained by the two methods along with the experimental points. It 
can be seen that the results based on convectionless sedimentation are in closer 
agreement with experiment. 

Of some interest is the attempt at increasing the efficiency of the Sharpies 
supercentrifuge by decreasing the volume of the bowl through an increase in Ri 
(14, !()). Stanley (14), in studies on tobacco mosaic and influenza viruses, found 
that no significant increase in efficiency resulted from decreasing the liquid layer. 
Qualitatively, that is the result expected on the basis of convection-free sedi- 
mentation. Although the decrease in the distance, along which the particle 
sediments would tend to increase the efficiency, it is mainly compensated by the 
decrease in the time the particle is in the bowl. Favoring a slight increase in 
efficiency is the fact that the particles are subjected to higher average centrifugal 
fields because of the larger values of Xo. The use of V in equation 9 as the total 
amount of fluid passing through the bowl implies a rapid flow of solution. 1 Inder 
such conditions no significant increase in efficiency would be ekpected on the basis 
of stirred sedimentation if the liquid layer were decreased. It is of considerable 
interest that a decrease in the liquid layer by an increase in Rx would enable the 
sedimentation of particles which are too small to be centrifuged out in the (?on- 
ventional clarifier bowl. In this way the practical usefulness of the Sharpk^s 
supercentrifuge could be greatly enlarged. A detailed analysis of the sediment 
along the bowl for different values of Ri would be necessary before a quantitative 
evaluation of the resolving power of the centrifuge could be made. 

Complete accord with experiment cannot be expected, because of the simplify- 
ing assumptions and approximations made in the theoietical treatment. The 
existencie of a density gradient in the bowl in a direction perpendicular to the 
intense centrifugal field would lead to instability, with a resultant tendency for 
the sedimenting particles to be distrilaited uniformly along the length of tlu^ 
bowl. The fact that non-uniform layers of sediment are obtained under some 
experimental conditions indicates that this cannot be a dominant factor. How- 
ever, a true picture of conditions in the bowl must necessarily include the contri- 
bution of convection caused by the density gradient along the bowl. 

SUMMARY 

An extension and modification of earlier theoretical work on the Sharpies 
supercentrifuge was performed. With the aid of a calibration factor obtained 
by a detailed study on a fractionated l)entonite suspension, the sedimentation 
constant of many substances can be calculated from a simple equation derived 
on the basis of convection-free sedimentation. Experiments with toba(‘co 
mosaic virus designed to test the sensitivity and accuracy of the method were 
described. Excellent agreement was obtained by a comparison of the calculated 
results mth those obtained in the more elaborate ultracentrifuge. A theory for 
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sedimentation in the Sharpies supercentrifuge on the basis of complete convec- 
tion was discussed and the results obtained by its use were presented. An at- 
tempt at evaluating the relative contribution of convection was made by an 
analysis of the wei^t distribution of sediment along the wall of the centrifuge 
bowl. The results indicated that the equations based on convection-free sedi- 
mentation yield values which are in closer agreement with experimental values. 

The author is indebted to Dr. W. M. Stanley of the Rockefeller Institute for 
Medical Research, Dr. M. A. Lauffer of the University of Pittsburgh, Dr. W. 
Kauzmann of Princeton University, and Dr. E. A. Hauser of the Massachusetts 
Institute of Technology for suggestions and valuable discussions during the 
preparation of this paper. 
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" INTRODUCTION 

In a series of previous communications (7, 9, 10, ] 1 ) some new light was thrown 
upon the catalytic interaction of the components in catalytic alloys. For the 
gas-phase dehydrogenation of formic acid, catalyzed by Hume-Rothery alloys, 
the following rules have been found to hold: (i) Within the range of existence 
of a phase (the cubic face-centered a- or the hexagonal e-phase), the activation 
energy increases with increasing concentration of the multivalent component, or, 
at variation of the component, with increasing valence. {2) On comparing dif- 
ferent phases, the saturated a-, e-, and ?;-phases roughly show the same activation 
energy, while the (deformed space-centered) Y-phase shows a sharp maximum. 

Both findings can be expressed in common by the statement that the activation 
energy depends on the electron concentration being higher according as the k- 
space of the first Brillouin zone in the reciprocal lattice is filled up by the sphere 
of impulse of the Fermi distribution. For example, the Brillouin zone of the 
7 -phase, because of its nearly spherical shape, is nearly entirely filled by the Fermi 
sphere at the saturation concentration of electrons, whereas in the a-, €-, and p- 
phases considerable regions of the /c-space remain empty. 

The bearing of these results on catalytic activation is that thermal activation 
is needed to force valence electrons of the substrate into free energy levels of the 
metal electron gas. 

In another paper (6) it has been shown that the activation energies exhibit 
a striking parallelism not only, as is to lie expected, with the electrical resistance 
of the rei^ective alloys, but also with their mechanical strength, expressed for 
practical purposes as Brinell hardness. An explanation has been attempted on 
the assumption that a nearly full Brillouin zone exerts a strong resistance to 
lattice distortions or zone compressions. 

The results described here have been obtained on different silver and copper 
alloy systems. In the present investigation they are extended to a system con- 
taining gold as a univalent component. We have measured the activation energy 
of the reaction 


HCOOH Ha + CO 2 

on gold-cadmium alloys of different compositions. The hardness of all but the 
very brittle specimens has been measured by the usual Brinell method of sphere 
inditing. The system gold-cadmium gives us for the first time an opportunity 

* Present address: Western Reserve University, Cleveland, Ohio. 
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of examining the catalytic behavior of a space-centered cubic jS-phase, which in 
the alloy systems hitherto examined is not stable in the temperature interval of 
the catalytic reaction. According to Mott and Jones (3), in the j^-phase the 
Briilouin zone is far from being electronically saturated, and thus we must expect 
the activation energy and hai*dness to have the order of magnitude of the other 
phases except the 7-phase. 


APPARATUS 

The experimental procedure, differing somewhat from that used in the experi- 
ments cited above, has been described recently in this Journal (12), The 
method, based on reflux circulation of formic acid vapor over the catalyst and 
measurement of the rate of product formation with a flowmeter (see figure 1 in 
reference 12), has been improved in two respects: (1) the evaporation tube B 
has been filled with fine longitudinal glass capillaries, giving the same effect of 
smooth boiling; (2) the thermocouple tube M, instead of being sealed in, has been 
inserted with a ground-glass joint at the top of the dephlegmator chamber F. 
By this means the catalyst can be removed after use by holding the emptied 
and dried apparatus head down, and a new catalyst (;an be placed in E without 
cutting the apparatus. Vessel A contained liquid formic acid (98 per cent). In 
all other respects the work was carried out in the manner previously described. 

CATALYSTS 

The gold used w’as prepared from commercial gold by the modified method of 
Kriiss (2), i.e., dissolution in aqua regia, evaporation, dilution, filtration, pre- 
cipitation with oxalic acid, boiling with concentrated sulfuric and nitric acids, 
repeated fusion with potassium bisulfate, and then repetition of all of these opera- 
tions. Finally, the precipitate was melted on charcoal in an alcohol-blow'pipe 
flame, and rolled into foils of about 0.05 mm. 

The cadmium used w as Schering-Kahlbaum’s melallmm puriss. 

The alloys were prepared by melting w^eighed portions of both metals in por- 
celain crucibles under borax in a blowing furnace. Because of the considerable 
heat of formation, great care is needed lest the temperature exceed the low boil- 
ing point of the alloys and so cause losses. As in the case of silver alloys, the 
final concentration of the alloys was calculated from their w^eight on the assump- 
tion that only cadmium is oxidized and w^as controlled by x-ray analysis (see 
below). 

On a flat side of the reguli two oi’ three spherical indentations w'ere made with 
a Brinell selerometer, the reguli tempered for 24 hr. at about 400®C., and the 
hardness. measurement repeated. Then the reguli w^ere broken into small lumps 
of at most 1 mm. size. The surface of the catalyst samples was calculated ap- 
proximately on the basis of the size statistics. Each sample w^eighed between 200 
and 300 hig. 

In figure 1 the phase diagram of the system gold-cadmium is given according 
to Hansen (1). The regions of homogeneous solids are shaded. From pure 
gold up to 424 per cent by w^eight of cadmium, the solid solution a of cadmium 
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in the face-centered cubic lattice of gold is stable. We have measured the x-ray 
di^prams in alloys containing 3, 8, 18, and 24 per cent of cadmium. In tiie last 
two, in spite of tempering, certain amounts of a space-centered phase 03) were 
found to be present. Between 33 and 41 per cent cadmium (AuCd) and above 
267®C., and consequently in the interval of our catalytic observations, only Hie 
/3-phase exists. This crystallizes, according to Oelander (4), in the body-centered 
cubic cesium chloride type. At lower temperatures the ordered rhombic /3'- 
phase is formed, being approximately a tetragonally flattened intermediate be- 
tween a face-centered and a body-centered type. According to Oelander (4), 
this transition is not supercooled. At room temperature we found this lattice 
in a 35 per cent afloy, but in a 40 per cent alloy after catalysis the /3-lattice had 
remained as a metastable state at ordinary temperature. At about 50 per cent 



Fia. 1. Phase diagram of the system gold-cadmium according to Hansen (1) 

cadmium (AujCds) and in the observed temperature interval the y-phase occurs, 
having the large elementary cubic cell of y-CunSn* with 416 atoms. Below 
340®C. this changes into a y'-phase (5), which, per exclusionem, is probably hexag- 
onal. At 47.5 per cent before and after catalysis, as well as at 53 per cent cad- 
mium, our samples even at room temperature gave the diagram of the super- 
cooled cubic 7 -phase. Admixture of the /S-phase, which is bound to exist at 47.5 
per cent, cannot be discerned because of line coincidences. Around 60 per cent 
cadmium (co. Cd*Au) and above 267®C. the hexagonal close-packed arrangement 
c is stable, which below that temperature changes into s', a phase similar to the 
7 -phase with 32 atoms per unit cell. Our catalysts with 58 per cent cadmium 
pve e'-phase diagrams at ordinary temperature. 

Unfortunately, x-ray diagrams at elevated temperatures could not be taken, 
but Hie results obtained leave no doubt that at the temperatures of catalysis 
(around 300°C.), and in the /3* and y-phases even below these temperatures, our 
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catalysts represent the complete series of a-, / 3 -, 7 -, and c-phases as well as some 
binary mixtures. Beyond the c-phase, catalytic observations are precluded by 
the low eutectic melting point of 309°C, between the «- and ij-phases. 

RESULTS OP MEASUREMENTS 

Two samples of most alloys were measured independently, and most samples 
were remeasured after remaining 24 hr. within the apparatus in an atmosphere of 
air saturated with formic acid vapor. With the exception of pure gold, where a 


TABLE 1 

Experimental resulta 


PERCENTAGE 
OP CADIIlUli 

ELEC- 
TRON 
CON- 
CEN- 
TRA - 
TION 

PHASE 

SUR- 

FACE 

NUMBER OF | 

MEASUREMENTS 

®(i/r) 

CC. Ht 
PER 
MIN- 
UTE 

10 * 

T 

Q 


B 

(15 

cm.2) 

Qm 

Bm 

HARDNESS 

By . ^ 

weight 

In 

atoms 

Before 
tempering | 

After 

temper- 

ing 






cm .* 


CC. 


kcal. 



kcal . 




0 

0 

1 

Of 


12.5 

4 

2.25 

1 6 

11.5 

4.38 

4.46 

11.5 

4 5 

57 

18 

3 

5.2 

1.05 

Of 


18 

4 

3-4 

1.6 

1.T5 

5.26 

5.18 

13.5 

5.2 

63 

25 

8 

13.2 

1.J3 

or 


3.5 

6 

5.6 

1.6 

27 

10.191 

10.82 





After 24 

hr 




6 

4.8 

k6i 

26,3 

9.85 

10.48 



i 


^ 1 

1 13. 2| 

! 1-I3i 

a 


5.8 

5 

4.7 

1 . 6 i 

28 

10.47 

10.89 


lU D 

94 

108 

After 24 

hr. 


1 

1 


6 

2.4 

1.6 

27 

9.82 

10.23 





18 

27.8 

1 1.28 

Of 4 - (race 

8 

6 

4.3 

1 . 6 j 

27 j 

10.07 

10.32 

27 

10.3 

! 109 

88 




of 













24 

35.7 

1,36 

a -f 


10 

4 

' 10 

1.6 

20 1 

8.00 

8.18 

20 

8.2 

125 

108 

40 

54 

1.54 



6.28 

6 

9.2 

1 1.6 

20.5 

9.04 

9.42 


n K 

Oyl 

QO 

After 24 

hr. 




5 

9.4 

1.6 

21 

9.24 

9.62 

. 7 j 

9.0 

94 

00 

i 

47 1 

61 1 

1.61 

4- 

7 

5,2 

! 6 

4.5 

1.8 

23 

9.71 

10.42 





After 24 

hr. 




6 

6.4 

1.8 

|22 

9.44 

10.16 


in 7 



47 ! 

61 1 

1.61 

/3 4 

7 

6 

6 

4.3 

1.8 

24 

10.07 

10.47 

24 

J U . 1 

Brittle 

After 24 

hr. 




4 

9.1 

1.8 

26 

11.21 

11.60 

J 




53 

66.5 

1.67 

7 


! 5.3 

4 

8.2 

1.9 

35.5 

15.89 

16.52 

35.5 

16.1 

Broke 

under 















the sphere 

58 

70.9 

1.71 

e 


6,5 

4 

5.6 

1.8 

21 

9.02 

9.38 

1 20.5 

9.2 

Brittle 

58 

70.9 

1.71 

€ 


5 

3 

4.5 

1.8 

20 

8.52j 

9,03 




dight but reproducible decrease of activation energy by a few hundred calories 
occurred {cf. Schwab and Holz (9)), the repetitions gave nearly identical results. 
Every measurement was repeated at rising and falling temperatures, as pre- 
viously described, until the curves coincided. This in most cases happened after 
the first rise and fall; otherwise the sample was discarded. The degree of accu- 
racy may be seen from typical diagrams which have been published previously 
(7, 9, 12 ). It proved to be somewhat better with pure phases than with binary 
mixtures. The final accepted results are tabulated in table 1. 
v(l/T) indicates the velocity in cm.* of hydrogen per minute at a suitable com- 
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psrison temperature, which is given in the next cohunn. These numbers are 
given as a measure cS the absolute portion of the Arrhenius lines. From them 
imd q the logarithm of the temperature-independent factor of the sample was 
calculated according to equation 1: 

log B - q/2.SRT (1) 

For comparison with our fonner work, B refers to a 16 cm.* surface. and Bm 
are mean values for each concentration of cadmium. 

In the case of pure gold Schwab and Holz (7, 9) found q — 12.5 kcal. and B = 
5.03. The agreement, in view of the strong influence of impurities, is satis- 
factory. 


DISCUSSION OF RESULTS 

1. The activity B 

It is apparent that the “activity” B generally increases with increasing activa- 
tion energy. This is known (see 7, 9, 12) to be a general phenomenon in hetero- 
geneous catalyas. The increase may be expressed by an equation of the form 
( 8 ): 

B = Bo + q/2Zm (2) 

In figure 2 our B-values have been plotted against the respective ^-values. It 
is seen that two straight lines, each of them corresponding to equation 2, repre- 
sent the results, one for the a-phases of different compositions, and another, 
steeper, one for the d-. T-j and c-phases. A very similar diagram concerning 
the systems silver-antimony and copper-tin has been published by Schwab and 
Karatzas (10, figure 1). This general deviation of the intermetallic phases 
from the curve of the a-solid solutions, hitherto unexplained, may be due to the 
fact that the hardness increases with increasing activation energy and therefore 
the breaking surfaces bec.ome increasingly rougher, while B refers to the geo- 
metrical minimum surface. Schwab and Theophilides (12) have calculated a 
theoretical value of B = 12 for a ranooth surface and showed that the highest 
value found for an a-phase exceeds this by about 1 unit. In the catalyst with 
53 per cent cadmium this value is seen to be exceeded by as much as 4 units. 
As this is the hardest of all the alloys, this fact may, at least in part, be due to the 
reason just mentioned. A slight error in q and some implicit simplifications in 
the derivation of the Arrhenius equation may also contribute. In any case, the 
existence of a defined relation between B and q enables us to restrict the com- 
parison of different catalysts to their activation eneigy q. 

2. The aeUvatkm energy 

The g-values of table 1 are plotted in figure 3 against the composition (in 
wei^t per cent) of the alloys. The regions of existence of the homogeneous 
phases at experimental temperatures have been shaded. In oUr x-ray measure- 
mwts the a-range was only extended to 18 per cent. It is clearly se«i that in the 
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Fi<i. 2. Plot of /f-valuPB against tlio rpsj)PC'tivp y-valups 



Fio. 3. Plot of (/-values against the composition of (hp alloys 

a-domain, as has been found in all a-phases, the activation energy is increased by 
adding cadmium; the initial “atomic inactivation”, i.e., the increase in kilogram- 
calories per atomic per cent, is a = 120 X 10 For the analogous system 
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silveMinc it has been found (9) to be 100 X 10"^^. The convergence of the ac- 
tivation energy to a constant value at hi^er additions is also a commcHi efiPecti 
found, for example, in the systems silver-thallium, silver-antimony, and copper- 
tin. 

The space-centered /8-phase has been examined catalytically for the first time. 
On theoretical grounds we expected a moderate value of the activation energy. 
In fact, the value of 20 kcal. is lower than that of the saturated a-phase, and equal 
to that of the e-phase. In the system silver-antimony the e-phase, being there 
the only intermetallic compound, has an activation energy lower than that of the 
saturated a-phase. Why, in the heterogeneous region a + the value is lower 
than additivity v^ould predict, is difficult to answer. 

The 7-phase again shows the characteristic maximum mentioned previously. 

Thus in this system the rules formerly found are fully confirmed and arc ex- 
tended to the /8-phase, which falls in the same line with e and i;. 

3. The hardness 

Unfortunately, the Brinell hardness for the y- and c-phases could not be meas- 
ured, as these specimens broke under the sclerometer sphere at a load as low as 
35 kg. But from the manner of breaking it was obvious that the 7-phase is 
harder than either € or /8 -f 7, as we would have expected. Within the a-phase 
the hardening effect of added cadmium is clearly seen, although the maximum 
is not found at the saturation limit. Some anomaly seems to manifest itself in 
that at 8 per cent cadmium tempering does not, as usual, lower the hardness. 
Probably here an anomalous hardening, comparable to that of duralumin, takes 
place, due *to the formation of the first traces of the (ordered) a'-phase. In any 
case for the hardness, as for the activation energy, the /8-phase shows a value 
lower than the highest of the a-phase, and the 7-phase is the hardest. 

SUMMARY 

The two constants of the Arrhenius equation have been measured for the 
dehydrogenation of gaseous formic acid with gold-cadmium alloys as catalysts. 

A functional relationship between the two has been observed and discussed. 

The true energy of activation increases within the a-phase with increasing 
electron concentration up to a limiting value; in the /8- and e-phases it is lower 
than this, while the 7-phase shows a sharp maximum. 

As for the a-, 7-,, and e-phases the present results confirm our former results on 
Hume-Rothery catalysts and their explanation; as for the /8-phase, they show for 
the first time that this case too fits in with the general rules. 

In accordance with a former statement, the Brinell hardness of the alloys seems 
to run parallel to the activation energies. 
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INTRODUCTION 

Those catalytic reactions which, on account of their technical importance, 
have been examined with respect to relation between catalytic action and phase 
composition are mainly hydrogenations, dehydrogenations, oxidations, ammonia 
85mthesis, and petroleum synthesis. In most of them homopolar or interstitial 
( 2 ) catalyst compounds are to be considered as intermediate states. The catalyst 
systems are seldom suitable for thermal analysis; thus usually the proper prob- 
lem concerns the nature of the catalytically active phase. An exception is pro- 
vided by dehydrogenation reactions on alloy systems, where recently distinct 
relations between the phase-determining electron concentration and the catalytic 
action were established ( 7 ). In order to gain more fundamental knowledge as 
to the relation between catalysis and the phase diagram, we have investigated 
another tyjie of reaction, in which again the phases are well characterized by 
thermal analysis. This is the salt catalysis of the decomposition of ethyl chlo- 
ride: 

QHsCl -♦ C2H4 + HCl 

Here, probably, a more polar adsorption of the type 

CH,— CH* 

(-)Cl H(+) 

- + - + - 

^- - + - + 

— + — + — 

forms the intermediate state. The reaction has been studied kinetically by 
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Grimm and Schwamberger (3) with dffierent simpte cfalwides as catalysts, sad 
small, but characteristic, trends of activarion energy with the lattice dimensions 
have been found. ' At the same time this woric gave one of the first bases for the 
establishment of a relation between the two constants of the Arrhenius equation 
by Schwab and Cremer (8) which has since been amply confirmed. ' 

In the present paper we propose to investigate the behavior of this reaction on 
binary catalysts belcmging to the three principal Rooseboom types of binary 
systems: mixed crystals, chemical compounds, and eutectics. In order to have 
as few as possible comparative measurements with the pure componoite and to • 
avoid a good deal of the uncertainties of comparing different substances, we sought 
a salt triad representing all three cases. We found the following: 


BaClt 


compound 

Mna» 


eutectic 


\ mixed crystal 

-^b 


^bCl, 


Barium chloride and lead chloride form a continuous series of mixed crystals 
without a melting-point minimum (5); barium chloride and manganous chloride 
(in addition to a eutectic at 63 mole per cent manganous chloride) form a com- 
pound BaMnCh, incongruently melting at 650°C. (6) ; and lead chloride and man- 
ganous chloride form a eutectic at 70 mole per cent lead chloride and melting at 
408“C. (6). We measured the activity and the apparent activation energy of 
the above reaction with the three pure salts, a mixed crystal, the eutectic, and 
the compound as catalysts. 


APPARATUS 

A constant stream of gaseous ethyl chloride of 18 cc. per minute was generated 
in the following way, as described by Schwab and Schultes (10) : From a Mariotte 
bottle A (see figure 1 ) a saturated sodium chloride .solution is dropped at a con- 
stant rate into a cylinder (B), whose level communicates with that of the gasom- 
eter C. From this the gas is forced at a constant rate through a drying system 
D and a flou-meter E. Within the electric furnace G it passes through the pre- 
heating coil F and the catalyst chamber H, containing the mercury vessel of the 
thermometer I in the middle of the catalyst pieces. The reaction gases were 
analyzed by the method of Grimm and Schwamberger, later described by 
Schwab and Drikos (9) : The gas is bubbled through 10 cc. of W/2000 sodium 
hydroxide in the analysis vessel L and the time needed for the color change of 
dissolved methyl red is measured with a stopwatch. Its reciprocal value is a 
measure of the reaction velocity. (At very low velocities i\r/10,000 sodium hy- 
droxide was used.) During Hie refilling of the analysis vessel the gas mixture ivas 
conducted through the wash bottle M of the same counterpressure by changing 
the threeway stopcock K; thus changes of pressure and flow rate over the cata- 
lyst were avoided. The temperature of the catalyst was changed in rising or 
falling direction without interruption of flow, and at each temperature the de- 
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scribed measurements were repeated until reproducible time values were ob- 
tained. Overnight interruptions did not influence the action of the catalysts 
used. 

MATERIALS 

(а) The substrate was ethyl chloride of the grade used for narcotic purposesi 
DAB VI, manufactured by Kringske, Speer & Co., Berlin, or Biopharm, Athens. 
Both preparations gave identical results. The gas was vaporized immediately 
from the glass bulb into the gasometer C. 

(б) The catalysts: The pure salts, barium chloride, manganous chloride, and 

lead chloride, were Merck’s purissimum. To bring them into a surface state 
comparable to that of the mixed catalysts, they were melted in porcelain crucibles 
and poured onto a porcelain plate. The solidified plates were broken into pieces 
of 2 0.2 mm. About 2 cc. of these pieces was placed in H. In the same way 

the following mixtures were fused: The compound of equivalent amounts of 
barium chloride and manganous chloride, the eutectic of 30 mole per cent man- 



ganous chloride and 70 mole per cent lead chloride, and a mixed crystal containing 
equimolecular amounts of barium chloride and lead chloride. A second speci- 
men of manganous chloride was fused in a Rose crucible in a hydrogen chloride 
atmosphere. For comparison with previous measurements (3) silver chloride, 
potassium chloride, and sodium chloride were prepared in the same way. A 
sample of manganese dioxide was prepared by heating below liquid sodium chlo- 
ride and extracting with water, to check an eventual influence of traces of man- 
ganese dioxide on the action of the air-molten manganese preparations; but it 
showed no catalytic action, apart from a slight formation of phosgene in the 
fresh (non-annealed) state. The binary catalysts were annealed for 15-48 hr. 
at 300-500^0. 

(c) Examination of the catalysts: (1) Microscopically the eutectic lead chloride- 
manganous chloride showed needles of lead chloride perpendicular to the plate 
plane, and needles of darker manganous chloride irregularly dispersed between 
them. (S) With x-rays: The three single salts naturally showed their respective 
characteristic diagrams; those of barium chloride and lead chloride are entirely 
identical (isomorphy). In tfee eutectic both components are discernible, of 
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Fig. 2. Results obtained with the mixed catalyst barium chloride-lead chloride 


TABLE 1 

Results of measurements 











CATALYST 


LOG Vl.« 

Q 

B 

Qm 

Bfn 

i 

REMARKS 


w 











kcal.l 


kcal,f 







mole 


mole 




BaCl, 1 

1 

0.52-1 

25 

7.77 

}27 

8.4 

0.3 


2 

0.26-1 

28 

9.06 


PbCls 

1 

0.95-2 

37 

11.9 

37 

11.9 


After stabilization 

MnCl, 1 

1 

0.38-1 

39 

13.04 

39 

13.0 * 

0.2 

Air-molten 

2 

0.5-1 

285 

9.48 

285 1 

9.5 


HCl-molten 

Mixed crystal / 
BaClr-MnCL. | 

1 

2 

0.77-1 

0.68-1 

21 

23 

6.69 

7.26 

1 22 

7.0 

0.1 


Eutectic MnClir-j' 
PbCL 1 

. 1 

2 

d d 

39 

37 

13.16 

12.48 

1 38 

12.8 

0 


Compound 
BaMnCh 

1 

2 

0.93-1 

0.88-1 

13 

14 

4.41 

4.50 

' 13 

4.2 

0.3 

Sample 2, six months 


3 

0.48-1 

13 

3.96 


4 

0.15 

12 

4.10 



(0.7) 

1 in the apparatus 
[Sample 2, six months 









j in desiccator 

AgCl 

1 

0.72-2 

29 

8,87 

29 

8.9 







It is seen that after the described pretreatment the catalysts show a relatively repro- 
ducible action; different samples differ by about 0.3 in log v (excluding the sample BaMnCU 
No. 3, poisoned during a dead period of six months in the apparatus) , a result which is good 
for this type of measurement. 

course lead chloride much more distinctly. The mixed crystal barium chloride- 
lead ddoride gave broad bands in the regions of the line groups of the com* 
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ponents; consequently it consists of very small crystallites. The compound 
BaMnCU does not show any lines of its components, but a number of new lines. 
Thus the predictions of the phase diagrams are confirmed in all our preparations. 

RESULTS OP MEASUREMENTS 

The reaction velocity is always extremely small; at temperatures about 360°C. 
the fraction decomposed is less than 1 per cent, as mentioned by Grimm and 
Schwamberger. It is therefore justifiable to use the measured velocity directly 
instead of the velocity constant, and to apply the Arrhenius equation directly 
to it. The results, represented by straight lines log v against l/IT, thus yield the 
constants B and q of the equation 

logio V = B — q/2ZRT 

V being the velocity in 10 cc. of A/2000 sodium hydroxide per minute, and g 
the apparent and possibly true activation energy in calories per mole. At 
least two samples were measured independently of each catalyst (except lead 
chloride). In figure 2 the results obtained with the mixed catalyst barium 
chloride-lead chloride are shown graphically. Owing to the nature of the reac- 
tion studied, these are not precision measurements like those obtained by our 
more recent methods (7). The activation energies can be determined within an 
uncertainty of a few kilogram-calories and the values of logarithm B to within ±. 1 . 
In table 1 the results tabulated are the velocities at l/T = 1.6 X 10“”® and the 
mean values of B and g. The range of temperature is 330-380°C. 

The following additional measurements may be mentioned : A eutectic mixture 
of silver chloride and barium chloride showed a catalytic action ten times lower 
than that of barium chloride, because at the temperatures of observation it is 
liquid and has a very small surface. Sodium chloride and potassium chloride 
gave no reproducible results (see also 3). In comparing our results with those of 
Grimm and Schwamberger (3), the agreement found is reasonable in the case of 
barium chloride (27 kcal. against 21 kcal.), very bad in the case of lead chloride 
(37 kcal. against 25 kcal.), and acceptable for silver chloride (29 kcal. against 
about 35 kcal.). This shows the strong influence of pretreatment; Grimm and 
Schwamberger worked on catalysts crystallized from solution and stabilized in 
the reaction vessel, whereas we used fused samples. An influence of this sort is 
most evident in our measurements on manganous chloride; the air-molten speci- 
men shows a considerably higher activation energy than the HCl-molten speci- 
men. (It has been shown abovq that this is not due to traces of manganese 
dioxide.) Of course the air-molten product is to be considered as a component 
of the air-molten mixtures containing manganous chloride. 

DISCUSSION OP RESULTS 

1, The activity 

The logarithm B of the first term in the Arrhenius equation is found to be a def- 
inite function of the activation energies; large activation energies are accompanied 
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and c(Rnpensated for by lai^ activities. GraphicaDy, we find that the relation 

B = 0.343 q (kcal.) - 0.25 

holds exactly. According to Schwab and Cremer (8) we have: 

B = A + q/RQ 

6 being the temperature of preparation or of the last stabilization of the catalyst ; 
then 6 is calculated to be 366°C., i.e., a temperature near the upper limit of the 
reaction interval used, where in fact the final stabilization of all the catalysts 
took place. The existence of a defined B-q relation makes it sufficient to discuss 
the effect of the catalyst material on the characteristic activation energy only 
instead of both constants of the Arrhenius equation. 

Before doing this, we must see whether the absolute values of B correspond 
to the requirements of a simple heterogeneous catalytic decomposition. In 
a previous paper (Schwab and Theophilides (11)) a formula has been derived for 
the logarithm of the temperature-independent factor, expressed in flow rate of 
one product, with the assumption of a fully active surface, completely covered 
by reactant, i.e., zero order: 


B = log 


mUT.Fbv 


R being the gas constant, 62.300 cc. (mm.Hg) degrees ; T, the room tempera- 
ture, 300°K.; F the geometrical surface of the catalyst (as a minimum 60 sq. 
cm. for 2 cc. of pieces of 2-mm. size); i the thickness of the adsorption space, 
10“* cm.; V the frequency of the activating oscillation, 10“ sec."*; p the pressure 
of reactant, 760 (mm. Hg) ; Vm the molal volume of the reactant in the condensed 
state, here 70 cc. This formula gives B = 11.1 (in cm.’ sec."* for v). As a mole 
has 24.600 cc. and our velocity unity corresponds to 5 X 10"* mole min.”*, in 
our units we find : 


Bmax = 12.0 

Table 1 shows that in fact this value is never exceeded by more than 1 unit 
(one power of ten in the velocity). This excess may easily be accounted for by 
slight modifications of the catalyst surface, the frequency, and the thickness of 
the adsorption space. The agreement is good enough to justify the conclusion 
that our reaction is a simple (non-chain) decomposition in the surface and is of 
zero order. The fact that the maximum value of B often is not attained, accord- 
ing to refeibnce 8, simply means that active centers with small activation energies 
can occur in fractions of the total surface only. ■ 

Schwab and Theophilides showed further that a first-order reaction ceteris 
paribus is bound to have a temperature-independent factor smaller by the factor 
Vg/Vm, Vg being the molal gas volume at the catalyst temperature. This, 
under our conditions, would give Bi(nu«) = 9.1. This value is surpassed by so 
many catalysts that with certainty the first order is precluded. 
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Z. The activation energies 

In comparing the activation energies found with different catalysts, the follow- 
ing remarks may be made about the pure salts: Perhaps the smaller activation 
energy of banum chloride as compared with lead chloride may be explained by 
the more polar character of the bond, as the Pb"^^ ion, being smaller and not 
having an outer inert gas shell, has a much stronger deformation effect, and the 
lattice types are identical. As for the Mn^^ ion, which is still smaller, nothing 
may be predicted with certainty, as the lattice type of the chloride is different. 
(Possibly the great difference l^tween air-molten and IlCl-molten manganous 
chloride is caused by the different surface properties of the ^^manganese body^^ 
and the “chlorine body”.) 

For the three different cases of mixed catalysts the following is found: The 
mixed crystal barium chloride-lead chloride has a somewhat smaller activation 
energy (and activity) than the more active one of its components, barium 
chloride. This is a “promoter effect” in a homogeneous mixture, although the 
difference is rather insignificant. The eutectic lead chloride-manganous chloride 
(to be compared with air-molten manganous chloride, see above) ranges between 
the values of its components; it is an exactly “additive” catalyst, and nothing 
like a “synergetical promotion” in the phase boundaries (10) is observed. On 
the other hand, a strong catalytic interaction of the components occurs in the 
system barium chloride-manganous chloride. The newly formed compound, 
BaMnCU, has an activation energy as low as 13 kcal. per mole, unusually much 
lower than those of both components. It is difficult to develop a distinct picture 
without a knowledge of the lattice of the compound; but it is plausible that the 
Cl”" ions, polarized and coordinated into the complex MnCh , will all have 
greater distances from the Ba ions than in barium chloride, and that thus the 
grouping Ba — Cl, probably acting as the active doublet (see introduction), has a 
higher dipole moment. Perhaps a tendency toward this effect is realized in the 
mixed crystal barium chloride-lead chloride. 

It is to be emphasized that the decomposition of ethyl chloride, according to 
Kudkowski, Trifel, and Frost (4; see also Balandin and Limanova (1)), is endo- 
thermic with 13.4 kcal. At the surface of BaMnCl 4 therefore, the necessary 
heat of activation is equal to the heat of reaction, and no additional activation 
energy is reijuired. The back -reaction with this (*atalyst must go on without 
activation energy and independently of temperature; this gives a good impression 
of the optimal magnitude of the interaction of the components. 

SUMMARY 

The catalytic decomposition of ethyl chloride has been studied kinetically at 
the surfaces of barium chloride, manganous chloride, lead chloride, and three 
binary systems of two of these components at atmospheric pressure and at 
temperatures between 330° and 380°C. 

The logarithm of the first term of the Arrhenius equation has been found to be 
a linear function of the activation eneigy. 
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The maxiinal absolute velocity corresponds to that calculated for a zero* 
order reaction. 

The eutectic lead diloride-imanganous chloride appears to be an exactly 
additive mixed catalyst, but in the mixed crystal barium chloride-lead chloride 
slight promotion is detected. In the compound BaMnCh llie activation energy 
is lowered to the value of the endothermic heat of reaction. 

Two of these effects are tentatively explained as due to an increase of the dipole 
moment of the active doublet. 

The authors wish to thank Dr. G. Drikos for construction of the apparatus and 
preliminary experiments, and especially Prof. G. Matthaeopoulos and Dr. 
Makris, who for a year offered generous hospitality to our air-damaged laboratory 
and thus enabled us to finish this investigation. 
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CRITICAL DENSITIES AND RELATED PROPERTIES OF LIQUIDS 

SIDNEY W. BENSON 

Department of Chemistry, University of Southern California, Los Angeles 7, California 
I. REDUCED DENSrriBS OF LIQUIDS 

Since van der Waals first proposed the theory of corresponding states in the 
last century, the concept has become a convenient tool in dealing with the ther- 
modynamic properties of both gases at high pressures and vapors. Because of 
the close relation between vapors and liquids and their identity above the 
ontical temperature, most authors have tacitly assumed that botii could be 
treated from the standpoint of corresponding states. The concept has thereby 
also gained wide usage in the field of liquids. 

The first theoretical justifications for the application of the law of correqiond- 
ing states to gases and liquids were made recently by DeBoer and Michels (2) 
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and Pitzer (6), respectively. The arguments presented by these authors indicate 
that the law of corresponding states may be used as a first approximation in 
dealing with gas imperfections and with liquid properties. Pitzer has shown that 
for liquids the sufficient conditions for such an approximation are the assumption 
of a universal intermolecular potential of the form A U{R/Ro) and a time-average 
spherically symmetrical force field for molecules in a liquid. A and Ro are 
specific parameters for a given liquid and R is the intermolecular distance of a 
pair of molecules. Since 72 in a liquid is simply related to the volume, we see 
that aside from the constant A , the volume of a liquid is a convenient parameter 
in computing its physical properties. Pitzer's development is such that T and V 
become the simplest choices for independent variables of the liquid. 

This theoretical justification was a long time overdue, since there has been a 
great deal of experimental evidence for applying the law of corresponding states 
to liquids. In addition there are good grounds for considering that the boiling 
point, T By is approximately a corresponding point. Empirical relations support- 
ing this view oi Tb are : 

1. Trouton's rule: A^vap = 21 cal./mole-°A. at Tb. 

2. Guye-Guldberg rule: Tb/Tc = 0b 0.60 {Tc = critical temperature). 

(As we can see in tables 1*~4, with perhaps one or two exceptions ©b 
lies within a range of values from 0.57 to 0.70 with a mean value at 
about 0.63.) 

The additional fact that many approximate empirical expressions for liquids 
and vapors can be thrown into a reduced form lends additional support to a cor- 
responding law. Typical are the van der Waals expression for vapor pressure: 

Log T = ^ {k ^ 2.75 for most liquids); the Mathias and Cailletat law of 

rectilinear diameters: 


A.. = = 1 + a(l - 0) 

(a ~ 1 for most liquids); and the various equations of state such as those of van 
der Waals, Dieterici, and Berthellot. 

The most recent work on reduced equations of state for liquids is the empirical 
representations of Bauer et al. (1). By redefining reduced variables 0 and V 
to include the range from melting to critical, they get striking uniformity of 
representation for reduced volumes, compressibilities, and surface tensions for 
liquids through this range. 

Reduced densities at the boiling point 

In the light of this information it was therefore not completely surprising when 
a study of reduced densities of liquids at the boiling point showed fairly good 
constancy. The data plotted in figure 1 and presented in tables 1-fi represMit 
the best available critical values for ninety-six liquids. 

For normal liquids and even most liquids which are considered associated, it 
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Fxg. I« *Plot of reduced liquid densities at the boiling point against log Pe (atmospheres), 
(^e dotted lines which bound solid lines I and II represent the range of values, db 3 per 
ecoit.) 

was fdund that the reduced density at the boiling point, is approximately 
^ mean value of 2.68. The vertical solid line labelled I in figure 1 
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represents this mean value. The two dashed lines parallel to this line represent 
a range of values of ±3 per cent from 2.68. 

TABLE 1 

' Elements 


SUBSTANCE 

TOB- 

MCLA 

MOLEC- 

ULAR 

WEIGHT 

n* 

Tc 

Db 

Dc 

Pc 

. .. 



/ 

Db/Dc 






moles! 

liter 

moles/ 

liter 

r atm. 




# 

Hydrogen 

Ho 

2,00 

20.4 

33.2 

35.5 

15.5 

12.8 

7.80 

0.615 

2.29 

Helium 

He 

4.00 

4.21 

5.2 

31.3 

16.5 

2.261 

44.1 

0.81 

1.9 

Neon 

Ne 

20.2 

27.3 

44.4 

59.6 

23.9 

26.9 

3.72 

0.615 

2.48 

Argon .... 

A 

39.9 

10 

00 

150.8 

35.10 

13.29 

48.0 

2.08 

0.580 

2.64 

Krypton ... 

Kr 

83.7 i 

121.1 

210.6 

25.7 

9.31 

54.2 

1.84 

0.575 

2.76 

Xenon ... 

Xe 

131.3 

164.1 

289.8 

23.3 

8.80 

58.2 

1.72 

0.569 

2.65 

Nitrogen 

Na 

; 28.0 

77.4 

126.0 

28.8 

11.10 

33.5 

2.98 

0.614 

2.60 

Oxygen . 

O2 

1 32.0 

90.2 

154.5 

35.8 

13.42 

49.7 

i 2.01 

0.585 

2.66 

Ozone . 

Oz 

j 48.0 

160.8 

268.2 

30.3 

11.19 

67 

i 1.49 

0.599 

2.70 

Chlorine .. . " 

Ch 

1 71.0 

238.6 

419.2 

21.98 

8 09 

76.1 

1 1.31 

0.569 

2.72 

Mercury 

Hg 

2(X).6 

630.0 

1830t 

*6.35 

2.3t 



0.34t 

2.7t 


♦ Tb, boiling point; Tc, critical temperature; />5, density of liquid at the boiling point; 
J)cy critical density; Pey critical pressure; Ph/Pey reduced pressure, 
t Values estimated. 


TABLE 2 


Inorganic compounds 


SUBSTANCE 

FORMULA 

MOLEC- 

ULAR 

WEIGHT 

Tb 

Tc 

Db 

' 

Dc 

Pc 

Pb/Pc 
X lou 

Tb/Tc 

Db/Dc 






moles/ 

liter 

moles/ 

Itfer 

atm 




Water 

iUO 

18.0 

373.2 

647.3 

55.4 

17.72 

217 7 

0.460 

0.577 

3.00 

Hydrogen chloride 

HCl 

36.5 

188.2 

324.6 

32.7 

11.60 

81.55 

1.224 

0.580 

2.81 

Sulfur dioxide . . 

SO., 

64.0 

263.2 

430.4 

22.78 

8 18 

77.7 

1.288 

0.611 

2.78 

Sulfur trioxide. . . 

SO3 

80.0 

317 8 

491.5 

22.60 

7.92 

83.6 

1.194 

0.645 

2.85 

Carbon monoxide, j 

CO 

28.0 

81.2 

134.2 

28.7 

10.75 

34.53 

2.896 

0.610 

2.67 

Carbon dioxide. . . 

CO., 

44.0 

194.7 

304.3 

28.8* 

10.54 

72.95 

1.370 

0.640 

2.73 

Carbon disulfide 

CS2 

71.0i 

319. 5j 

546.2 

16.55 

4.97 

75 

1.33 

0.584 

3,32 

Phosgene . . 

COCb 

99.0 

281.1 

455 

14.24 

5.25 

! 56 

1.79 

0.618 

2.71 

Tin tetrachloride 

SnCh i 

260.51 

387. 3| 

591.9 

7.59| 

2.84 

1 37.0 i 

2.70 

0.654 

2.66 

Phosphine. 
Ammonia 

PH« ! 

34 

185.7 

324.5 

22.0 

8.82 

64.5 

1.55 

0.571 

2.5 

mu \ 

17.0 

239.8 

406.1! 

40.12 

, 13.73 

112.3 

0.890 

0.590 

2.92 

Nitrous oxide — 

NoO 

44. Oj 

183.7 

309.7 

27.8 

10.50 

71.7 

1.393 

0.593 

2.72 

Hydrogen cyanide 

HCN 

27.0 

298.8 

456.7 

25.2 

1 7.4 * 

50 

1 2.0 

i_ 

0.654 

3.4 


* Value extrapolated for supercooled liquid. 


Attempts were made to correlate the deviations from this mean value with 
other properties. Interestingly enough it was found that there better 
correlataon of these deviations with reduced temperature at the boiling point 
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0». However, a plot of A* against log Pe (atm.) =» log l/wa) showed a good cor- 
relation. The straight line labelled II in figure 1 stands for tbe best representa- 
tion of this relation. It is given by the equation: 

Db/Dc = 0.422 log Pc + 1.981 (P« in atmo^heres) 
or in reduced form: 


Ab = -0.422 log VB + 1.981 


( 1 ) 


TABLE 3 


Hydrocarbons 




SUBSTANCE 


Methane 

Ethane 

Propane 

n>Pentane 

Isopentane 

n-Hexane 

Diisopropyl 

n*Heptane 

n-Octane 

Diisobutyl... . 
Cyclopentane, . 
Methylcyclopen- 

tane 

Ethylcyclopen- 

tane 

Cyclohexane . . 
Methylcyclo- 
hexane ... . 

Ethylene ... . 

Acetylene. . 
Propylene . . 
Isobutylene . . . . 

Bensene 

Toluene 


TORICULA 

MOLEC- 

ULAR 

WEIGHT 

n 

B 


Dc 

Pc 

Pb/Pc 
X 100 

n/Tc 

Db/Dc 



^A. 


molesf 

liter 

molesf 

liter 

atm. 




CH4 

16 

111.6 

191.1 

26.50 

10.08 

45.8 

2.18 

0.584 

2.63 

C2H6 

30 

184.7 

305.4 

18.21 

7.1 

48.2 

2.07 

0.605 

2,61 

C.H, 

44 

231.0 

370.0 

13.24 

5.10 

42.1 

2.37 

0.624 

2.60 

C.H„ 

72 

809.3 

470.4 

8.47 

3.23 

33.03 

3.02 

0.656 

2.62 

C.Hu 

72 

•301.1 

461.0 

8.50 

3.26 

32.90 

3.04 

0.652 

2.61 

C.H ,4 

86 

342.1 

508.0 

7.13 

2.73 

29.61 

3.38 

0.674 

2.61 

C.H,« 

86 

331.3 

500.5 

7.29 

2.80 

30.7 

3.26 

0.662 

2.60 

C7H1. 

100 

371.7 

540.0 

6.14 

2.34 

26.84 

3.72 

0.689 

2.62 

C.Hi, 

114 

399 

569.4 

5.36 

2.04 

24.6 

4.06 

0.703 

2.63 

aHi, 

114 

382.4 

550 

5.40 

2.08 

24.6 

4.06 

0.696 

2.60 

C5H10 

70 

322.4 

511.8 

10.20 

3.86 

44.55 

2.24 

0,630 

2.65 

C.H„ 

84 

345.0 

532.8 

6.32 

3.14 

37.36 

2.68 

0.647 

2.65 

CtHi. 

98 

376.7 

569.5 

7.01 

2.68 

33.53 

2.98 

0.661 

2.63 

C.Hn 

84.2 

353.9 

554.2 

8.55 

3,21 

40.6 

2.46 

0.639 

2.66 

C7H14 

98 

374.1 

572.3 

7.12 

2.71 

34.32 

2.917 

0.654 

2.64 

C2H4 

28 

169.4 

282.8 

20.3 

7.50 

50.6 

1.972 

0.599 

1 2.70 

CjHs 

26 

189* 

309.1 

23.9 

8.85 

61.7 

1.620 

0.611 

2.70 

C,H, 

42 

225.5 

364.6 

14.53 

5.55 

45.4 

2.202 

0.635 

2.62 

C4H, 

56 

266.6 

418 

11.20 

4.17 

39.48 

2.530 

0.639 

2.68 

C.H. 

78 

353.4 

561.7 

10.44 

3.90 

47.9 

2.090 

0.629 

2.67 

C7H, 

92 

384.0 

593.8 

8.45 

3.17 

41.6 

2.40 

0.648 

2.66 


* Extrapolated for supercooled liquid. 


The two dashed lines parallel to II (figure 1) represent a range of =b3 per cent. 
It will be seen that, but for a few exceptions which will be discussed, this is a 
much better general relation between reduced pressure and density at the boiling 
point. It includes most of the' ^^associated^’ liquids such as water, ammonia, and 
hydrogen chloride, as well as the supposedly "‘normal'' liquids such as the hydro- 
carbons and the heavier rare gases. 

An emimical justification for the value of 2.68 for Ab can be obtained from a 
consideration «of equations of state. If we take van der Waals' equation in 
ledueed form it is: 
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in which ^ = V /V e, r = P/Pc, and© = T/T,. 

TABLE 4 


Organic compounds {containing oxygen) 


SUBSTANCE | 

i 

rOBMULA 

MOLEC- 
ULAK 1 
WEIGHT 

1 

Th 

Tc 


Dc 

Pc 

Pb!Pc 

X 100 

Th!Tc 

Db/Dc 





M. 

molts! 

1 liter 

moles! 

liter 

atm. 




Acetic acid . 

C2H4O2 

60 

391.7 

594.8 

15.63 

5.84 

57.2 

1.748 

0.659 

2.68 

Propionic acid. . . 

C3H6O2 

74 

414.3 

612.7 

11.60 

4.26 

53 

1.89 

0.676 

2.72 

n-Butyric acid. . 

C4H8O2 

88 

436.7 

628 

9.27 

3.43 



0.695 

2.70 

Isobutyric acid . 

C4H8O2 

88 

427.7 

609 

9.18 

3.45 



0.702 

2.66 

Methyl formate. . 

C2H4O2 

60 

305.1 

487. 2| 

15.95 

5.82 

59.15 

1.690 

0.625 

2.74 

Ethyl formate. . 

C,H,Os 

74 

327.5 

508.5 

11.87 

4.36 

46.7 

2.14 

0.645 

2.71 

Propyl formate 

C4H8O2 

88 

354.1 

538 

9.47 

3.51 

40.13 

2.485 

0.659 

2.70 

Isobutyl formate . 

C6H10O2 

102.1 

371.4 

551 

7.78 

2.82 

38 

2.63 

0.673 

2.76 

Isoamyl formate 

C6H12O2 

116.2 

396.7 

576 

6.55 

2.42 

34 

2.94 

0.688 

2.71 

Methyl acetate 

CaHeOj 

74 

330.3 

506 9 

11.94 

4.40 

46.31 

2.160 

0.650 

2.72 

Ethyl acetate . 

C 4 H 8 O 2 

88 

350.3 

523.3 

9.40 

3.49 

37.8 

2.64 

0.670 

2.69 

Propyl acetate . . 

CsH.oO, 

102 

374.7 

549.4 

7.76 

2.90 

32.91 

3.04 

0.684 

2.68 

Isobutyl acetate 

CeHijOs 

116.2 

389.7 

561 

6.60 

2.41 

31 

3.3 

0.694 

2.73 

Methyl propionate 

i C4lI,C)2 

88 

352.9 

530.6 

9.55 

3.53 

39.34 

2.540 

0.665 

2.69 

Ethyl propionate 

C.H,oO.. 

102 

372.2 

546.1 

7.81 

2.91 

33.0 

3.03 

0.681 

2.69 

Methyl « -butyrate 

i C 5 H 10 O 2 

102 

375.9 

554 5 

7.87 

2.94 

34.2 

2.92 

0.679 

2.67 

Methyl isobutyr- 

i 










ate . 

C 6 H 10 O 2 

102 

365.5 

540.7 

! 7.87 

2.95 

33.7 

2 97 

0.675 

2.67 

Ethyl w -butyrate | 

C8Hi202 

116.2 

394.5 

566 

6.55 

2.37 

30 

3.3 

0.696 

2.76 

Ethyl isobutyrate . 

C.^6Hi202 

116.2 

384.9: 

553 

6.55 

2.37 

30 

3.3 

0.696 

2.76 

Acetone 

CaHeO 

58 

329.2 

508.2 

12.93 

4.62 

47.0 

2.13 

0.648 

2.80 

Methyl alcohol 

C^H 40 

32 

337.9 

513.2 

23.43 

8.51 

78.67 

1.270 

0.659 

2.76 

Ethyl alcohol 

C2ll6() 

46 

351.4 

516.3 

16.00 

5.97 

63.1 

1 583 

0.680 

2.68 

n-Propyl alcohol . 

C3H8O 

60 

370.6 

536.9 

12.23 

4.55 

50.0 

2.000 

0.690 

2.69 

Dimethyl ether 

CaHeO 

46 

249.5 

400.1 

15.70 

5.90 

52.0 1 

1.922 

0.624 

2.66 

Diethyl ether 

C4H,oO 

74 

307.8 

1 467.0 

9.41 

3.55 

36.5 

2.74 

0.658 

2.65 

Methyl ethyl ether 

CsHsO 

60 

280.7 

1 437.9 

11.93 

4.50 

43.4 

2.304 

0.641 

2.66 

Ethyl propyl ether 

CfiHiaO 

88 

334.6 

500.6 

7.75 

2.93 

32.1 

3.11 

0.669 

2.64 


Using the reduced density A = \/ip and clearing terms this equation becomes : 



This equation has in general three positive roots. One of them is small and 
corresponds to the gas density. The largest corresponds presumably to the 
liquid. 

At the boiling point, the last term (*•) in equation 3 may be neglected compared 
to the other terms (its value ranges from 0.05 to 0.004). This gives us a quadratic 
equation which we can solve for A as a function of 0 and *•. A good approximate 
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soluiaon for the larger of the two vahxes in the neighborhood ot the bdling point 
is: 


Aa » 1.6 [1 + Vl - 1.1860] (4) 


. TABLE 6 

Organic compounda (avJfur, nitrogen, and halogena) 


SUBSTANCE 

FOUIULA 

MOLEC- 

ULAR 

WEIGHT 

Tb 

Tc 

Db 

Dt 

Pc 

Pb/Pc 
X 100 

n/T , . 

th/Dc 





•4. 

moles/ 

liter 

moles/ 

liter 

aim. 




Methyl mercaptan 

CH«S 

48 

279.2 

470.0 

18.49 

6.72 

71.4 

1.400 

0.594 

2.75 

Ethyl mercaptan. . 

CiHS 

62 

307.6 

498.7 

13.27 

4.85 

54.2 

1.842 

0.616 

2.73 

Dimethyl sulfide. . 

CjHeS 

62 

309.0 

503.1 

13.40 

4.94 

54.6 

1.830 

0.615 

2.72 

Diethyl sulfide — 

C4H10S 

90 

363.5 

557.0 

8.50 

3.10 

39.1 

2.56 

0.652 

2.74 

Acetonitrile ... . 

C2H1N 

41 

355 

647.9 

17.43 

5.85 

47.7 

2.095 

0.648 

2.98 

Propionitrile 

CaH*N 

55 

370.3 

565 

12.78 

4.39 

41.3 

2.42 

0.655 

2.92 

Ethylamine 

CaHyN 

45 

289.8 

456.6 

15.28 

5.53 

55.5 

1.80 

0.635 

2.76 

Diethylamine. , . 

C 4 H„N 

73 

328.6 

496.7 

9.14 

3.35 

36.2 

2.76 

0.661 

2.71 

' Triethylamine , . . 

CfiHifiN 

101 

362.2 

535.2 

6.55 

2.48 

30.0 

3.3 

0.678 

2.64 

Methyl chloride . 

CH3CI 

50.5 

249.2 

416.3 

19.73 

7.23 

65.8 

1.520 

0.597 

2.73 

Chloroform. 
Carbon tetra- 

CHCb 

119.4 

334.3 

536 

11.79 

4.32 

53.8 

1.860 

0.624 

2.72 

chloride . . 

CCI4 

154 

349.9 

556.3 

9.63 

3.62 

45.0 

2.22 

0.629 

2.66 

Ethyl chloride. 

CaHfiCI 

64.5 

283.4 

460.4 

14.05 

5.13 

51.6 

1.935 

0.615 

2.74 

Ethyl bromide.. 
Ethylene diohlo- 

CaHfiBr 

109 

312 

504 

13.00 

4.65 

61.5 

1.625 

0.620 

2.79 

ride 

CaHtCla 

99.0 

357 

561 

11.65 

4.22 

53 

1.89 

0.636 

2,76 

Difluorochloro- 
methane.. .. 
Dichlorofluoro- 

CHCIF2 

1 

86.5 

232.4 

369.2 

16.37 

j 

6.04 

48.7 

2.05 

0.630 

2.71 

methane 

J>ifluorodichloro- 

CHCI2F 

103 

282.1 

451.7 

13.66 

5.06 

51.0 

1.960 

0.624 

2.70 

methane. . . 

CCI2F2 

121 

243.4 

384.6 

12.22 

4.59 

39.6 

2.525 

0.632 

2.67 

Trichlorofluoro- 

methane 

1,1,2-Trichloro- 

CCbF 

137.4 

296.9 

471.2 

10.79 

4.02 

43.2 

2.315 

0.630 

2.68 

1 ,2,2-trifluoro- 
methane 

C2CI3F3 

187.4 

320.8 

487.3 

8.06 

3.25 

33.7 

2.97 

0.659 

2.62 

Fluorobenzene. . . 
Chlorobenzene — 
Bromobenzene. . . 
lodobenzene 

CeHaF 

CgHsCl 

CeHfiBr 

CeHgl 

96 

112.6 

157.0 

204 

358.4 
405.2 

429.4 
461.6 

559.7 

632 

670 

721 

9.81 

8.72 

8.31 

7.67 

3.69 

3.25 

3.09 

2.85 

44.6 

44.6 

44.6 

44.6 

2.24 

2.24 

2.24 

2.24 

0.641 

0.641 

0.641 

0.641 

2.66 

2.68 

2.69 

2.60 



The same treatment when applied to the Berthellot equation, which is known 
to give a better representation for vapors than the van der Waals equation, 
yields: 


A* - 3A’ + |(80 + v)A - *0 « 0 


(5) 
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and to the same degree of approximation: 

Ab = 1.5[1 + Vl - 1.1850«j (6) 

We see interestingly enough that in the vicinity of the boiling point A» is 
approximately independent of r and dependent only on 9. Values of Ab com- 
puted for different values of 9* from equations 4 and 6 are presented in table 6. 

It can be seen that if 9 b is given the observed mean value of 0.63, then the 
Berthellot equation gives the value of 2.(50 for A a. This can be considered as 
excellent agreement, in view of the general deficiencies of these equations when 
applied to the liquid state. 

The form of ecjuation 1 can be derived by combining van der Waals’ equation 
for vapor pressures, log v = 2.74(1 - 1/f)), with his equation of state. The 
latter in the vicinity of the boiling point reduces to equation 4. If we expand 
equation 4 by the binomial theorem and neglect higher-order terms in 0 b, 
we find : 


Ab = 3.00 - 0.899b 


(7) 


TABLE 6 

Variation of Ah ivith Op 


An CALCULATED FROM VAN DER WAALS 
EQUATION (EQUATION 4) 


On 


0.57 

0.60 

0.63 

0.65 

0.70 


2.35 

2.30 

2.25 

2.22 

2.11 


An 


CALCULATED FROM BERTHELLOT 
EQUATION (equation 6) 


2.68 

2.64 

2.60 

2.56 

2.47 


Mean value Ojj (obsd.) =* 0.63 


Mean value (obsd.) ~ 2.68 


Now, substituting the value of 0® from the vapor pressure eciuation this 
becomes: 


Ab = 3.00 - 


0.89 

1 — 0.37 log T 


or: 

Ab ^ 2.11 - 0.33 log T (8) 

which compares well with equation 1. 

Deviations of liquid behavior from equation 1 

Pitzer (6) has defined a “normal” liquid as one which obeys the assumptions 
of time-average spherical symmetry and a universal potential function. Such 
a liquid could be represented by a reduced equation of state, and we see from 
curve I (figure 1) that to the first approximation Ab = 2.68 may be taken as a 
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point in such a representation. We may interpret the nature of this approxima- 
tion as assuming that noni;ial liquids have a common deduced boil^ point 
of 0* = 0.63. From this point of view ‘‘associated” liquids will have lower reduced 
Ix^ing temperatures and correspondingly higher reduced boiling densities.* 
Equation 1 may then be looked upon as a better approximation which takes 
into account the fact that the boiling point is not quite a corresponding point. 
Thus it is not surprising to find an improved relation between A« and another 
the reduced variables, in this case As is evident from figure 1, equation 
i may be taken empirically as representing an expected behavior for liquids. It 
is then a matter of interest to understand the reasons for deviations from this 
behavior for the few liquids that do deviate. 

‘ Direct visual observation of the critical volume is almost never reliable because 
of the rapid change of volume in the vicinity of the critical temperature. For 
most liquids, the density undergoes an exponential change of from 20 per cent to 
60 per cent in the 1°C. temperature interval preceding Te. This corresponds to 
a change of about 4-5 per cent in the 0.1‘’C. interval below 
Because of this rapid change, reliable values of the critical volume are almost 
always made with the aid of the law of rectilinear diameters, extrapolating the 
mean density of liquid and vapor to the critical temperature. In most cases it 
has been shown necessary to modify the law by adding higher-order temperature 
terms to obtain agreement better than 1 per cent (5, 8). 

For these reasons it was decided to use ±3 per cent as a point of departure in 
discussing the deviation of Ab from equation 1. Four liquids have values of 
Ab lower than equation 1 predicts. They are helium (—11 per cent), hydrogen 
(—6.5 per cent), neon (—4 per cent), and phosphine (—10 per cent). (Helium 
was not included in figure 1 for reasons of space conservation.) The low values 
for the first three are not surprising, since they have very low critical and boiling 
temperatures which lie in a region in which they show quantum effects (6). The 
decreasing magnitude of the deviation with increasing Tc for these three liquids 
is in agreement with such a viewpoint. The low value for phosphine is surprising 
since its structure, relatively high critical pressure (64.5 atm.), and low reduced 
temperature (0.57) would seem to align it with associated compounds which tend 
to have high reduced densities. The orthobaric densities reported for it are of 
poor accuracy (±5 per cent or worse) and it is quite probable that the deviation 
is due to experimental error rather than a real physical effect.* 

There are nine liquids which show positive deviations from equation 1. Three 
of these are acetone (-1-4 per cent), isobutyl formate (-1-4 per cent), andisobutyl 
acetate (-1-4.5 per cent), represented in figure 1 by the three circles just outside 
of the dashed line parallel to 'II. For all of these it seems very likely that the 

' For Piteer’s “perfect liquid,” at Ge •• 0.63 he gives the values 1/xa - 23.1, As “ 2.63, 
andAiSvap. ~ 16.6 cal. /mole- "A. 

* l^oh predictions were made in the course of this study for many critical values taken , 
fyata the Intxmaticnal Critical Tablet and Landolt-Bomstein. They were invariably con- 
firmed when further research in the literature uncovered more recent (and more reliable) 
measurements of these same critical constants. 
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experimental values are in error. In the case of two additional liquids, ethyl 
n-butyrate and ethyl isobutyrate, both with deviations of +5 per cent (double 
cimle figure 1), it is almost certain that the experimental values are in error by 
this amount. 

The four remaining liquids showing positive deviations are carbon disulfide 
(+23 per cent), hydrogen cyanide (+25 per cent), acetonitrile (+11 per cent), 
and propionitrile (+8 per cent). 

The high value for carbon disulfide may be understandable on the basis of a 
dense packing in the liquid structure which is compatible with its linear structure 
and the chain-forming tendency of the sulfur atoms due to the availability of 
3d orbitals. This would be in agreement with similar observations which have 
been made on both this liquid and its analogue CSeS by Frank (3) and 
Hildebrand (4). 

This is apparently a cooperative phenomenon for the liquid state, since the 
vapor densities at the boiling point seem to be almost “normal”. The low 
reduced boiling temperature (0* = 0.58) and the high critical pressure (75 
atm.) are both characteristic of such association in the liquid. The extent of the 
deviation (+ 23 per cent), however, seems rather large and it would be worthwhile 
to repeat the experimental determinations of the orthobaric densities for this 
liquid. 

The relatively large deviations of the nitriles and their regular change with 
decreasing molecular weight indicate that these deviations are not due to experi- 
mental error but are real effects. From the viewpoint of equation 1 they seem to 
form a special class of liquids. 

Hydrogen cyanide is unquestionably unique among liquids. Quite aside from 
its chemical properties and instability (explosive), its physical properties are 
extreme in almost all respects. Its dielectric constant (95) is the largest known. 
It has an abnormally high boiling point (25.8°C.) for its molecular weight of 27. 
Its critical ratio {RTJPcVc) is 5.56, again the highest known value for a liquid, 
indicating considerable association even at the critical temperature. (I’he 
expected value for “normal” liquids is 3.7.) Also significant is its vapor density 
at the boiling point (1.19 g./l.), which gives a “calculated” molecular weight for 
the vapor of 34. (This is a deviation of 26 per cent compared to expected devia- 
tions of 5 per cent for most liquids, and indicates a high degree of association in 
the vapor state.) Its entropy of vaporization at the boiling point is 22.2 cal./ 
mole-®A., a value which is not high but in fact is almost normal. However, if this 
value is corrected for vapor association, the corrected entropy of 27 cal./ mole- °A. 
compares with that of water. 

Further evidence for the abnormality of the nitriles compared to other liquids 
ip to be found in their high dipole moments. Table 7 shows the dipole moments 
of some associated compounds. 

These values for the physical constants of hydrogen cyanide indicate a possible 
explanation for the unique position which its reduced boiling density occupies 
in figure 1 (A* = 3.4). The value for Aj» is compatible with the simultaneous 
existence of association for hydrogen cyanide both in the liquid and in the vapor. 
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If w« assume a high degree of associatioa in both liquid and vapor even up to tlie 
(Bstical point, these will tend to oomp^isate each other mtd tend to nuike almost 
normal such constants as (0.654), the critical pressure (50 atm.), ai^ ^ 
mrtropy of vaporisation (22.2 oal./mole-‘*A.). The responsibility for the high 
reduced boiling density may then be placed upon the existence of long chains 
which pack closely in the liquid. The linear structure of hydrogen cymiide and 
its hi|^ dipole moment both favor such an explanatbn. The same explanation 
' would also account for the behavior of tiie methyl and ethyl cyanides. - The latter 
oF course show much smaller discrepancies than the hydrogen cyanide. 

n. BELATED PHYSICAL PROPEBTIES 

Tables 1-5 show that with the exception of strongly associated liquids. As » 
2.68. For the larger numW of “regular” liquids which fit this relation, the 
density at the boiling point may be used to compute their critical volumes with 
an accuracy of db3 per cent. These computed values of the critical volume can 
then in turn be used to calculate, with similar accuracy, other physical constants 


TABLE 7 

Dipole moments of some associated compounds (7) 


COMPOUND 

DIPOLE MOMENT 

HjO 

1.87 (gas26‘’C.) 

NHg 

1.53 (gas 0^*0.) 

HCl 

1.03 (gas) 

HCN 

2.8 (gas 30°C.) 

CHgCN 

3.4 (benzene solution 20‘’C.) 

C,HjCN 

3.4 (benzene solution 20‘’C.) 

Alcohols — 

1.7 

Alkali halides. ... ... ... 

~ 2.00 (gas) 

Acetone 

2.07 (gas) (27-1 80°(;.) 


such as the van der Waals’ h. Further, if the critical temperature is known, then 
the constant a in the law of rectilinear diameters and the coefficient of expansimi 
of the liquid may be calculated. Conversely, if the critical tempemture is not 
known but the coefficient of liquid expansion is known, then both the critical 
temperature and the constant a may be calculated. 

Vm der Waale’ constant b and eriUcal volumes 

The critical volumes of regular liquids may be computed from the density at 
tihe boiling point by means of the relation; 

V _ 2.68 

* Do 

For regular liquids, the ratio of Ve to b is about 2.20 (see table 8). 
ing this into equation 9 we find for 5 : 

1.22 

Do 


m 

Substitut- 


b 


( 10 ) 
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In table 8 values of and b computed from equations 9 and 10, respectively, 
are compared with observed values for representative liquids taken from the 
literature. 


Law of rectilinear diatneters and coefficient of liquid expansion 
The equation for the law of rectilinear diameters, 

Z>, + D, = 2Dc + a(T, - T) (11) 

may be solved for o in terms of the other quantities. At the boiling point the 


TABLE 8 

Critical volumes and van def Wools' constant h for regular liquids 


COMPOUND 

(OBSEftVED) , 

(calcu- 

lated) 

b 

(observed) 

b 

(calcu- 

lated) 

Vc/b 

(observed) 

Acetone 

cc./mole 

216 

208 

cc./mole 

99.4 

95 

2.18 

Argon ... 

75.3 

76.4 

32.2 

35 

2.33 

Benzene 

256 

256 

115 4 

116 

2.22 

Carbon tetrachloride 

276 

278 

138 

128 

1.99 

Chlorine . . 

123.8 i 

122 

56.2 

56 

2.20 

Cyclohexane 

312 

314 

142.4 

142 

2.19 

Diethyl amine 

29K 

293 

139 2 

133 

2.14 

Kthanc | 

i 141 

147 1 

i 63.8 1 

i 67 

2.21 

Ethyl acetate i 

286 ! 

285 

141.2 

i 130 

2.02 

P^thyl chloride 

165 

191 

86 5 

86 

2 25 

F^thyl ether 

282 ! 

285 

134.4 : 

130 

2.10 

P^thylene. 

133.2 1 

132 ' 

57.1 1 

i 60 

2.33 

Hydrogen chloride 

86.1 ! 

82 

40.8 : 

38 , 

2 11 

Isopentane 

307 1 

316 ' 

141.7 1 

143 1 

2.17 

Xitrogen 

90.0 ! 

92.8 , 

39.1 i 

42 

2.30 

Oxygen 

74.4 I 

75 

31.8 1 

33 

2.33 

Sulfur dioxide ' 

122.2 i 

118 

56.4 ! 

54 1 

2.17 


gas density (i),) is negligible compared to the densily of the liquid {Di) and the 
expression for a reduces to : 

/)»aiq.) - 2/A 0.2&4/A 

°° r.-r.- "rr-n 

Table 9 shows the values of a calculated from equation 12 with values taken 
fnan the literature. The average absolute deviation is about 4 per cent. 

By differentiating equation 11 with respect to T we obtain a relation between 
a and the coefficients of expansion of the liquid and vapor: 



Thermodynamically, it may be shown that: 



(13) 


( 14 ) 
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At the boiling point, we may assume the vapor to be nearly ideal and also 
n^lect the volume of the liquid compared to the vapor. Equatkm 14 thoi 
becomes: 



Applying Trouton’s rule, (AE/RT)i, 9.5, also Pi = 1 atm., and finally multi- 
plying by 1.05 to take into account the average deviation of vapora from ideality 
at the boiling point, we have : 

/dDA 0.122M . 

TABLE 9 


Parameters from the law of rectilinear diameters 


COMPOUND 

Var Ant. 
X 10* 

(observed) 

* « X 10» 

r. 

Observed 

Calculated 

from 

equation 12 

Calculated 

from 

equation 17 

Observed 

Calculated 


g./cc.-*‘A. 

g./cc,-^A. 

g./cc.-M . 

gJcc^A. 

M. 

"4. 

Hydrogen chloride 

2.60 

2.56 

2.22 

2.48 

324.6 

311 

Nitrous oxide 

2.84 

2.59 

2.47 

2.69 

309.7 

300 

Methane 

1.50 

1.30 

1.35 

1.36 

191.1 

191 

Ethylene 

1.49 

1.33 

1.27 

1.38 

282.8 

275 

Methyl chloride . . 

1.70 

1.61 

1.52 

1.60 

416.3 

407 

Stannic chloride 

2.77 

2.46 

2.45 

2.56 

591.9 

584 

Phosgene 

2.40 

2.20 

2.06 

2.24 

455 

442 

Dimethyl sulfide 

1.20 

1.14 

1.09 

1.13 

503.1 

497 

Dimethyl ether . . . 

1.34 

1.208 

1.22 

1.25 

400.1 

396 

Methyl ethyl ether ... | 

1,25 

1.14 

1.16 

1.16 

437.9 

437 

Methyl formate . ... 

1.51 

1 1.441 

1.33 

1 1.43 

487.2 

476 

Diethyl ether.. 

1.26 

1.12 

1.11 

1.16 

467.0 

461 

Diethylamine 

1.10 

1.07 

1.01 

1.03 

496.7 

493 

Isopentane 

1.04 

0.96 

0.97 

0.96 

461.0 

463 

Carbon tetrachloride . . . . 

2.05 

2.016 

1.87 

i 1.91 

556.3 

547 

Chlorobenzene 

1.24 

1.108 

1.10 

1 1.15 

i 

632 

622 


M is the molecular weight, Ts is the boiling point in °A., and {dDf/dT)nu is 
in grams per cubic centimeter. Note also that it is positive in contrast to the 
negative coefficient obtained for liquids. 

Substituting from equation 16 into equation 13, we find: 


/dDi\ 0.122M ^ 0.122M 

a — zTi; I — — — = aiDi — 


Tl - - Tl 


(17) 


The partial 


ialf^') 

\dTU,. 


is always negative, so that a is always greater than this 


quantity. (ai == — ^ ~ co^cient of liquid mqMtnnon.) 
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Equation 17 thus provides a method of calculating a from the coeflScient of 
expansion of the liquid at the boiling point. In table 9 values of a calculated 
from this relation are compared with observed values. The agreement is better 
than that obtained with equation 12. The average absolute deviation is about 
2.5 per cent. 

Equations 12 and 17 may be combined and solved for Tc- 


T, = n + = 2\ + 


0.254 


a 




^ n + 


0.254 

at 


( 0 
0 + T 


0.122Af 

T\T)i 


.122M\ 

Tlat'Dj 


(18) 


(180 


Equation 18 makes it possible to calculate Tc from quantities measured at the 
boiling point, the density and the coefficient of expansion of the liquid. Values 
of Tc thus computed are shown in table 9. For these regular liquids, the average 
absolute deviation of Tc (calculated) is about 7°A. or about 2 per cent. 


SUMMARY 

1 . For most liquids, the reduced density at the boiling point is equal to 2.68 
± 3 per cent. Only hydrogen, helium, neon, and phosphine fall below this range 
of values. 

2. The empirical relation As = —0.422 log tb + 1 .981 rep|-esents to within 
=fc:3 per cent for both associated and regular liquids and may be taken as a repre- 
sentative liquid behavior. 

3. From the standpoint of (2) above, there are four very ^^abnormar’ liquids, — 
carbon disulfide, hydrogen cyanide, methyl cyanide, and ethyl cyanide. It is 
suggested that their abnormality arises from their ability to form close-packed 
chains in the liquid. 

4. For regular liquids, the relation in (I) above may be used to compute critical 
volumes from densities at the boiling point: Vc = 2,68/Db. 

5. Values for van der Waals' constant b may be computed from Db by the 
equation: b = 1,22/ Db. 

6. Values of the constant a in the law of rectilinear diameters may be computed 
from Dby Tbj and Tc by means of: 


025^Db 

Tc-Tb 

7. Values of a may also be computed from Tb, Dby and the coefficient of expan- 
sion of the liquid at the boiling point (ai) from the relation: 

0.122Jkf 

a ^ aiDb — TjHi 


8. Values of Tc may be computed from Thy Dby and cq, using the equation: 


Tc - n + 


0.254 



0.122M ] 

TlDtcctj 
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MOLECULAE-WEIGHT DETERMINATIONS OF NON-VOLATILE 
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This paper deals with a method of ascertaining the molecular weight of an or- 
ganic solute from the rate of evaporation of its solution in a vacuum in a desicca- 
tor over concentrated sulfuric acid, having in principle some similarity with 
Barger’s (1) method and the Bousfield (2) method, improved by Sinclair (3) and 
Sinclair and Robinson (4). 

EXPERIMENTS WITH PURE SOLVENTS AND WITH EQUIMOLAL SOLUTIONS 

Our experiment requires two petri dishes (A and B), which are as nearly as pos- 
sible of the same size and form (twin dishes). When equal weights of ethylene 
dibromide are put in them and the dishes placed in a symmetrical position in a 
vacuum desiccator over concentrated sulfuric acid, they lose equal weights of the 
solv 0 it, within the experimental error of the method (about 0.5 per cent in an 
equal time, e.g., 24 hr.), whatever the length of time may be. The eiqierimental 
error is mainly due to the fact that there is practically always a small difference 
in the size of the dishes. Further experiments (listed in table 1) have shown that 
the same results are obtained when the experiments are carried out, not with pure 
solvents, but with two solutions each containing the same number of molecules 
of the same or different solutes in the same weight of ethylene dibromide. It is 
not necessary that the experiment should be carried out at a constant tempera- 
ture; we may start at 15°C. and finish at 25°C. Also, it is not necessary that the 
pressure within the vacuum desiccator r^nain constant during the experiment. 

EXPERIMENTS WITH NON-EQUIMOLAL SOLUTIONS 

When the number oi molecules dissolved in the same weight <A ethylene dibro- 
mide are not the same but are, for example, in the ratio 2:1 (ciHnpare table 2), 
cmisidmable differences in the loss of the solvent are expariaaced, whatever the 
Dcnditions of the expOTunrait with regard to time, temperature, and pressure 
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within the vacuum desiccator. ' Great differences are even observed when the 
ratio is 1 :2/8 or 1 : 1| (compare table 3). 

The results obtained with non-equimolal solutions do not allow us to calculate 
the molecular weight, as they depend on the conditions under w^hich the experi- 
ments are carried out, but in all cases the solution which contains the smallest 
(greatest) number of molecules of the solute loses most (least), all other condi- 
tions being equal. 


ADVANTAGES OF THE NEW’ METHOD 

The new method can be carried out w ith a solvent of unknown molecular de- 
pression or elevation constant and the only manipulations necessary are weighing, 



Fig. 2 


the preparation of solutions, and the evacuation of the desiccator. The equip- 
ment needed is very simple, consisting only of a balance (if possible air-damped), 
a vacuum desiccator, two dishes, and two small glass stirrers. Whereas the 
methods ordinarily used in the laboratory for the estimation of the molecular 
w^eights of organic substances can only be employed at the freezing or the boiling 
point of the solution, the above method can be used at intermediate temperatures 
at will. 

The possibility of using this method when working wdth small amounts of the 
substance under investigation should not be overlooked. 

In ttie routine work of the organic chemist — ^provided he does not investigate 
high polymers — ^the value of the molecular w^eight of a substance can be limited 
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to two or, at most, three possibilities if the empirical formula and the phsndea) 
and dhemical pr( 9 >ertieB of the compotmd are known. Therefore, as a role, <mly 
two or three sets of experiments are necessary, and it is simple to decide \(rhat 
fnultiple of the empirical formula represents the molecular formula of the sub* 
stance under investigation (qf. table 3). 

GENEBAL BEMABKS 

Equipment: The necessary equipment has been enumerated pre’^ously; the 
desiccator is filled with about 400 cc. of concentrated sulfuric acid, which is re- 
placed after each experiment. The disc must be horizontal. The opening C (cf. 
figure 2) must be exactly in the middle between the two dishes. The stirrers 
should be cut from the same glass rod and should have approximately the same 
l^gth. This length should be smaller than the diameter of the dishes in which 
they are placed horizontally in the course of the experiment; the two di^es em- 
ployed were approximately 2.5 cm. high and 5 cm. in diameter. It is advisable 
to mark one set consisting of a standard dish, a watch glass used as its cover, and 
a glass rod serving as a stirrer by a special mark, e.g.. A, and the other set by 
another mark, e.g., B. 

Solvent and solute: The ethylene dibromide was freshly distilled and the same 
fraction used in both di^es. The substances investigated belonged to various 
chemical families: hydrocarbons, azo and azoxy compounds, azines, halogen 
compounds, ethers, esters, mono- and poly-ketones, and organic compounds 
containing phosphorus were used; all the solutes chosen were non-volatile and did 
not associate or dissociate in solution. 

Ethylene dibromide was chosen on account of its good solvent power and be- 
cause it does not wet glass. This is important, as no drops are formed on the 
walls of the petri dishes when they are moved, which would of course influence 
the area from which evaporation occurs and consequently the rate of evaporation. 
Care must be taken that at the end of the experiment the dishes do not contain 
solids or over-saturated solutions which are the result of too much concentration. 

Minimization of the experimental error: Slight differences in the diameter of the 
twdn dishes cause an error which can be minimized by doing two experiments in 
which the dishes are exchanged and by taking the mean value in calculating the 
results. Furthermore, to minimize any influence which the difference in p 9 Bition 
of the two solutions within the desiccator may cause, the portion oS the solutions ^ 
is exchanged; for example, in experiment No. la benzc^heiume was dissolved in 
dish A standing east in the desiccator and azobenzene in dish B standing west; 
in experiment lb, benzophenone was dissolved in dish B standing west and azo- 
benzene in dish A standing east in the desiccator. 

EXPERIMENTAL 

• 

Tbe first step is to wei^ each set in toto, consisting of the petri dirii, its cover, 
and the stirrer; then by means of a pipet, approximatdy 20 g. of ‘ethylene dibro- 
mide is added to each of the vessels. The wrifd^t of the ethylene dibromide 
added to each dish must be almost identical, and if one of the diriiM contains more 
the other, the wei^t is adjusted by removal of small quantities by dipping 
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Experiments with solutions of molal concentration $:l 


MOLECULAR-WEIGHT DETERMINATIONS BY EVAPORATION RATE 
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Experiment with soliUiom of various molal concentrations 
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a small twisted filter paper in the center of the dish, just touching the surface of 
the liquid to absorb the slight excess. After each dish is filled with ethylene 
dibromide it is placed on the marble on which the balance stands and covered 
with its respective cover, with the stirrer in front. Dish A (B) is filled first (last) 
in this operation. 

The substances to be investigated are previously powdered and dried in vacuo 
over concentrated sulfuric acid. The weighing is done on two equally balanced 
pieces of paper of such a kind that the powders do not adhere to the surface . The 
substance weighed first (last) is added to dish A (B) and after addition of the 
solute, each dish is covered again with its cover and both are left until solution is 
complete. Then each solution is stirred with its corresponding stirrer, in such a 
way that the stirrer is slowly moved within the solution in the same direction 
three times and is then cautiously placed full length at the bottom of the dish 
((jompare figure 1), wliich is covered immediately. 

After about 5 min. set A, and afterwards set B, is exactly weighed. The 
weight of solvent thus deduced is entered in the tables under the heading ‘‘Weight 
of solvent in grams.” 

Ea(!h set after weighing is introduced into the desiccator, set A being introduced 
first. The two sets are placed in a symmetrical position (compare figure 2), then 
the cover of each dish is placed in front of it within the desiccator. The desic- 
cator, if possible without moving, is connected with the pump and evacuated for 
about 10 min. and left without being moved for 20-24 hr. 

After this period, air is allowed to enter slowly into the desiccator, then it is 
opened, and each vessel is closed with the corresponding cover and transferred to 
the marble on which the balance stands. After 5 min. the sets are weighed (set 
A first) and from the results the loss of solvent of each set during the 20-24 hr. 
is calculated. 

The experiment is then repeated in the way described under the heading 
“Minimization of the experimental error.” 

The mean loss of the solvent is then entered in the tables as a percentage (com- 
pare last columns in tables 1-3). 

The results listed in tables 1-3 are typical and not the best results obtained 
from a great number of experiments. 

SUMMARY 

It is shown how' the velocity of evaporation of solutions prepared from ethylene 
dibromide as a solvent in a vacuum desiccator may be used to determine the 
molecular weight of the solute. This determination may be carried out at tem- 
peratures between the boiling and the freezing points of the solvent; it is not 
necessary to know the molecular elevation or depression constant of the solvent. 
The method is a very simple one, the necessary manipulations being the prepara- 
tion of solutions, weighing, and the evacuation of a desiccator. 
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Surface Tension, Spbctfic Di'spebsion, and CBi'ncAi. SoExmoN 
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A series of thermal properties of the branched-chain alkanes can be corre- 
lated with molecular structure by means of the equation: 

( 1 ) 

These properties include the boiling point at atmospheric pressure (13), the 
heat of isomerization and the heat of vaporization (14), the boiling point at 
pressures other than 760 mm. of mercury (15), and the constants of the Antoine 
vapor-pressure equation (15). 

It will be shown in this paper that the available data for surface tension are also 
well represented by an equation of this type, and that the specific dispersion and 
the critical solution temperature in aniline of the branched-chain paraffin isomers 
may be correlated with structure by equations employing the same structural 
variables. No other methods of correlation of these three properties have ap- 
peared in the literature. 

METHOD OF CALCULATION 

The structural variables are identical with those used in the papers cited above. 
In equation 1, the path number w is calculated by multiplying the numbers of 
carbon atoms on either side of a carbon-carbon bond and adding these products 
for all bonds in the molecule; the polarity number p is defined as the number of 
pairs of carbon atoms separated by three carbon-carbon bonds; n is the number of 
carbon atoms in the paraffin molecule; AU — 6« — U gives the difference in the 
value of the physical property for the branched-chain paraffin and its normal 
isomer; sdmilarly. Aw — tOn — w; Ap — pn — p. Examples of calculation of these 
variables may be foimd in reference 13. 

Within any group of alkane isomers, the variation of a phymcal property with 
isomeric structure may be eiqiressed by the simple linear equation: 

AO — aAw H- bAp (2) 

The majority of the properties of the alkanes obey this relation. To extend it 
from a single group of isomers to the entire series of alkanes, a and b must be ex- 
pressed empirically as functions of n, these functions being different for the vari- 
ous properties. 
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Tlie values of the surface tension ( 7 ) at 20°C., of the specific dispersion (<r) 
at 20 ®C., of the critical solution temperature (cst) in aniline, and of w and ^ 
for the normal paraffins from C6H12 to C9H20 are given in table L 

SURFACE TENSION OF THE NORMAL ALKANES 

The surface tensions of the normal alkanes may be correlated with the number • 
of carbon atoms in the compound by means of a logarithmic function similar in 


TABlJi; 1 

Reference values for the normal alkanes 


COMPOUND 


yn 

, i 1 

1 

Cstn j Wn 

I 

?i-Pentane 

1 

♦ •! 


15.97 

1 1 

1 98.0 1 

71.7 1 20 

- 2 

n-Hexane 

, i 


18.41 

1 98.2 i 

69.1 1 35 

1 3 

n -Heptane 

1 

* j 


20.28 

; 98.2 ! 

70.1 56 

i 4 

w -Octane . 



21. 

75 

i 08.2 j 

72.1 1 84 

1 ^ 

« -Nonane . . 

“i 


22.91 

1 98.1 1 

1 1 

74.9 120 

1 6 



tablp: 

2 



Surface tension of the normal alkanes 


COMPOUNU 1 


n 

1 

1 

1 

Yobsd. 1 

Tcalcd j 

i 

DEVIATION 






dynes /cm. | 

dynes /cm. 


n-Pentane . 


5 



15.97 1 

15.92 

-“0.05 

n -Hexane j 

1 

6 



18.41 i 

18.49 

' -h0.07 

7i-Heptane . 


7 

1 


20.28 

20.31 

; +0.03 

7? -Octane 

i 

8 



21.75 

21.73 

i -0.02 

n-Nonane 

1 

9 



22.91 

22.88 

i -0.03 

-Decane 

1 10 



23.92 j 

23.86 

-0.06 

71 -Undecane 

; 11 



24.71 : 

24.71 

0.00 

7i-Dodecane. . .. | 

12 



25.40 

25.45 

i +0.05 


form to that employed by Egloff, Sherman, and Dull (3) to derive boiling-point 
relationships among aliphatic hydrocarbons. The equation proposed is: 

7 „ = 14.6 log (n - 3) + 11.52 (3) 

Values calculated from this equation are compared with the observed values in 
table 2 . The average deviation is ± 0.04 dynes/cm., which corresponds to the 
probable experimental error of the data. 

The observed values for the last three compounds are those given by Quayle, 
Day, and Brown (5). The surface t^iaons of the first five alkanes in table 2 are 
g^ven by these authors as well as by Wibaut et al. (12). The close agreement 
between observed and calculated values indicates that the experimental values 
shown are fully self-conastent. 
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SUBVACE TENSION OF THE BRANOHED-CHAIN AIiEANES 

The variation of the surface tension of the alkanes with molecular structure can 
be calculated with good accuracy from the equation: 

A 7 = Aw + 1.1 Ap (4) 

w 


TABLE 3 

Calculated and observed values of the surface tension of C$ to C$ alkanes 


COMPOUND 

Ate 

Ap 

ATealed. 

'ycrnlod. 

Tobad. 

KEPESINCES 

DEVIA- 

TION 




dynes j cm. 

dynesfem. 

dynesjem. 



n*Pentane 

0 

0 

0.00 

15.97 

15.97 

(5, 12) 

0.00 

2«Methyl butane 

2 

0 

0.98 

14.99 

14.97 

(12) 

-t-0.02 

n-Hexane 

0 

0 

0.00 

18.41 

18.41 

(4. 6, 12) 

0.00 

2-Methylpentane 

3 

0 

1.03 

17.38 

17.31 

(12) 

+0.07 

3 Methyl pentane 

4 

-1 

0.27 

18.14 

18.11 

(6, 12) 

+0.03 

2f 2-Dimethyl butane 

7 

0 

2.39 

16.02 

16.18 

(12) 

-0.16 

2, 3-Dimethyl butane 

6 

-1 

0.96 

17.46 

17.43 

(12) 

+0.03 

n -Heptane . 

0 

0 

0.00 

20.28 

20.28 

(2, 5, 12) 

0.00 

2-Methylhexane . . . 

4 

0 

1.00 

19.28 

19.17 

(12) 

+0.11 

3-Methylhexane 

6 

-1 

0.41 

19.87 

19.56 

(2) 

+0.31 

3-£thylpentanc 

8 

-2 

-0.19 

20.47 

20.16 

(2) 

+0.31 

2,2-Dimethylpentane . . 

10 

0 

2.51 

17.77 

18.05 

(12) 

-0.28 

2,3-Dimethylpentane . . 

10 

-2 

0.31 

19.97 

19.82 

(12) 

+0.15 

2,4-Dimethylpentane. . 

8 

0 

2.01 

18.27 

18.12 

(12) 

+0.15 

3 , 3-Dimethyl pentane . . 

12 

-2 

0.81 

19.47 

19.44 

(12) 

40.03 

2,2,3-Trimethylbutane. . 

14 

-2 

1.31 

1 18.97 

18.86 

(12) 

1 +0.11 

n-Octane.. 

0 

0 

0.00 

21.75 

21.75 

(4, 5, 6, 7, 12) , 

0.00 

2-Methylheptane 

5 

0 

0.96 

; 20.79 

20.81 

(5, 6, 7) 

-0.02 

3-Methylheptane 

8 

-1 

0.44 

21.31 

21.30 

(5, 7, 9, 12) 

+0.01 

4-Methylheptane 

9 

f -1 

! 0.63 

21.12 

21.15 

(6, 7) 

-0.03 

3-£thylhexane 

12 

1 ~2 

1 0.11 

21.64 

21.62 

(6) 

+0.02 

2, 2-Dimethylhexane — 

13 

0 

2.50 

19.25 




2, 3«Dimethylhexane 

14 

-2 

0.49 

21.26 

21.22 

(12) 

+0.04 

2,4-Dimethylhexane 

13 

-1 

1.40 

20.35 

19.97 

(9) 

+0.38 

2 , 5-Dimethylhexane 

10 

0 

1.92 

19.83 

19.80 

(7, 9, 12) 

+0.03 

3,3-Dimethylhexane . . . 

17 

-2 

1.07 

20.68 




3 , 4-Dimethylhexane . . 

16 

~3 

-0.22 

21.97 

21.70 

(12) 

+0.27 

2-Methyl -3-ethyl pentane . . 

17 

-3 

-0.03 

21.78 




3-Methyl -3-ethyl pentane . 

20 

-4 

-0.55 

22.30 

22.02 

(12) 

+0.28 

2,2,3-Trimethylpentane. . . 

21 

-3 

0.74 

21.01 

20.80 

(12) 

+0.21 

2, 4-Trimethylpentane . 

18 

0 

3.46 

18.29 

18.86 

(7, 12) 

-0.56 

2,3,3-Trimethylpentane. . 

22 

-4 

-0.17 

21.92 




2,3,4 -Trimethylpentane 

19 

~3 

0.35 

21.40 





In table 3 calculated and observed values of the surface tension at 20°C. for 
the idkanes Cs to Cs are compared. The observed values are averages of the 
expoimental data in the literature, obtained by assigning to each reported result 
a wei^t inversely proportional to the estimated experimental uncertainty of the 
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determination. The average deviation of calculated from observed values for 
twenty-eight alkanes, disregarding sign, is ±0.13 dynes/cm.; this is of the order 
of magnitude of the average experimental error, which is estimated at ±0.10 
d 3 rnes/ cm. Predicted values of the surface tension are given for five alkanes for 
which experimental data are not available; the estimated uncertainty of these 
values is ±0.2 dynes/cm. The experimental data for 3-methylhexane and 3- 
ethylpentane are unreliable, and the calculated surface tensions for these com- 
pounds are believed to be closer to the correct values. 

The surface tension is similar to thermal properties such as the boiling point 
and the heat of vaporization in that it, too, is a measure of the cohesive forces 

acting between molecules of the liquid. It is therefore not surprising that its 

relation to molecular structure is given by equation 1, which has previously 
been used to correlate various thermal properties. In view of this fact, the sur- 
face tension of the branched-chain alkanes may be related to any of their thermal 
properties by means of a simple linear equation. For example, the boiling point 
of the branched-chain paraffin isomers has been shown to follow the equation: 

QQ 

^ + 5.5Ap (5) 

The At^-term may be eliminated between equations 4 and 5, giving: 

Ay = O.lSAi + 0.4Ap (6) 

The average absolute deviation between values calculated from this equation 
and the experimental data listed in table 4 is ±0.115 dynes/cm. for twenty- 
eight alkanes. This equation is therefore both simpler and somewhat more ac- 
curate than equation 4; its disadvantage, however, lies in the fact that it can be 
used only to predict the surface tensions of compounds the boiling points of which 
have been measured. 


SPECIFIC DISPERSION 
The specific dispersion is defined as 


<r 


TIf — 7lr 

d 


10 " 


(7) 


where and Uc are the refractive indices for the sodium D (5892.6 A.), and 
the hydrogen C (6562.8 A.) lines, and the units of <r are milliliters per gram. 

Determination of the specific dispersion is a physical method of considerable 
value in analyzing hydrocarbon mixtures. Details of methods of determination 
of structure, based on the use of this property, are given by Ward and Fulweiler 
(10), Ward and Kurtz (11), and Thorpe and Larsen (8). The latter authors give 
methods of correlation for numerous types of hydrocarbon molecules, based on an 
extensive review of the literature. In their method, however, no account is 
taken of variation in structure of the various alkanes; the value of the specific 
dispersion is taken as 98.4 for all paraffin bvdrocarbons. 
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The variatioa of the specific dispersion at 20^. with m<deoalar stcuetiue is 
given by the equation: 


A<r =■ — Ap — 0.09AW (8) 

TABLE 4 

S-pteifio diapenion of alkanea 


COITPOUND 


n-Petane 

2- Methylbutane. . / 

n-Hexane 

2*MethylpeQtane 

3- Methylpeutane 

2, 2>Dimethylbutane 

2 , 3-Dimethylbutane 

n-Heptane 

2- Methylhexane 

3- Methylhexane * 1 

3-£thylpentane | 

2 . 2- Dimethylpentane | 

2.3- Dimethylpentane ... j 

2.4- Dimethylpentane j 

3 . 3- Dimethylpentane | 

2.2.3- Trimethylbutane . 1 

w -Octane j 

2- Methylheptatie ... I 

3- Metbylheptane ! 

4- Methylheptane . 

3-£thylhexanc 1 

2.2- Dimethylhexanc . .... | 

2.3- Dimethylhexane. . 

2.4- Dimethylhexane 

2 . 5- Dimethylhexane 

3 . 3- Dimethylhexane 

3 . 4- Dimethy Ihexane . . 

2- Methyl-3-etihylpentane 

3- Methyl-3-ethylpentane 

2.2. 3- Trimethylpentane 

2. 2. 4- Trimethylpentane 

2.3. 3- Tnmethylpentane 

2.3.4- Trimethylpentane 



Ap 


•'obMl. 

DEVIATION 

0 

0 

98.0 

98.0 

0.0 

2 

0 

98.2 

98.7 

-0.5 

0 

0 

98.2 

98.2 

0.0 

3 

0 

98.5 

98.7 

-0.2 

4 

-1 

97.5 

97.2 

+0.3 

7 

0 

98.8 

99.9 

-1.1 

6 

-1 

97.7 

98.4 

-0.7 

0 

0 I 

98.2 

98.2 

0.0 

4 

0 

98.6 

98.6 

j 0.0 

6 

-1 

97.7 i 

97.3 

! +0.4 

8 

~2 

96.9 

96.3 

+0.6 

10 

0 

99.1 

99.9 

; -0.8 

10 


97.1 

96.9 

+0.2 

8 

0 : 

98.9 

98.7 

+0.2 

12 1 

1 -2 

97.3 

97.2 

+0.1 

14 1 

' -2 I 

97.5 

98.2 

-0.7 

0 

0 i 

98.2 

98.2 

0.0 

5 

0 i 

98.6 

98.6 

0.0 

8 

> ~1 1 

97.9 

97.6 

i +0.3 

9 

~i ! 

98.0 

97.6 

+0.4 

12 

-2 1 

97.3 

96.5 

+0.8 

13 

0 

99.4 

99.8 

-0.4 

14 

-2 

97.5 

97.1 

+0.4 

13 

-1 

98.4 

97.9 

+0.5 

10 

0 

99.1 

99.1 

0.0 

17 

-2 

97.7 

97.4 

+0.3 

16 


96.6 

96.7 

-0.1 

17 

-3 

96.7 

96.2 

+0.5 

20 

~4 

96.0 

95.9 

+0.1 

21 

-3 

97.1 

97.3 

-0.2 

18 

0 

99.8 

100.6 

-0.8 

22 

-4 

96.2 

96.2 

0.0 

19 

-3 

96.9 

97.0 

-0.1 


The simple form of this equation is due to the fact that the experimental data 
are not sufficiently precise to permit evaluation of the constants a and b in equa- 
tion 2 as functions of n. 

Observed and calculated values of the specific dispersion for the thirty-three 
alkanes liquid at 20^0. are compared in table 4. The observed values are those 
compiled in the tables of the American Petroleum Institute (1), The experimen- 
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tal uneertaiiity of these values is believed to vary between ±0.3 and ±0.7 
ml./ g. The average absolute deviation between calculated and observed values 
is ±0.32 ml./g. 

The theoretical significance of the possibility of correlating pacific dispersion 

TABLE 5 


Critical aotution temperature of alkartes in aniline 


COMPOUND 

Aw 

Ap 


CStealcd. 

cstob^d. 

deviation 




•c. 

•c 

“C. 


n -Pentane 

0 

0 

0.0 

71.7 

71.7 

0.0 

2-Methylbutane 

2 

0 

~6.6 

78.3 

78.9 

-0.6 

n-Hexane 

0 

0 

0.0 

69.1 

69.1 

0.0 

2-Methylpentane 

3 

0 

-4.8 

73.9 

73.9 

0.0 

3 -Methyl pentane 

4 

-1 

+0.3 

68.8 

69.3 

-0.5 

2 , 2-Dimethyl butane 

7 

0 

-11.1 

80.2 

81.2 

-1.0 

2,3-Dimethylbutane 

6 

-1 

-2.9 

72.0 

71.9 

4-0.1 

n -Heptane 

0 

0 

0.0 

70.1 

70.1 

0.0 

2-Methylhexaue 

4 

0 

-3.4 

73.5 

73.6 

-0.1 

3-Methylhexane ... 

6 

-1 

+0.2 

69.9 

70.5 

-0.6 

3-Ethylpentane 

8 

— 2 

+3.8 

66.3 

66.3 

0.0 

2, 2-Di methyl pentane 

10 

0 

-8.6 

78.7 

78.3 

+0.4 

2 , 3-Dimethylpentane 

10 

-2 

+2 0 

68.1 

68.0 

+0.1 

2 , 4 *Di me t hy 1 pentane 

8 

0 

-6.8 

76.9 

78.7 

-1.8 

3, 3-Dimethylpentane 

12 

-2 

4*0.3 

69.8 

69.7 

40.1 

2,2,3-TrimethyIbutane 

14 

-2 

-1.4 

71.6 

72.2 

-0.7 

n-Octane 

0 

0 i 

0.0 

72.1 

72.1 

0.0 

2 -Methyl heptane 

5 

0 

i -2.6 

1 74.6 



3-Methylheptanc 

8 

i 

1 0.0 

72.1 

72.2 

-0.1 

4-Methylheptane 

9 

-1 i 

1 -0.5 

, 72.6 



3-Ethylhexane ... 

12 

-2 

j 4*2.0 1 

70.1 



2,2-Dimethylhexane . ...| 

13 

0 

' -6.5 i 

78.6 1 



2 , 3-Dimethylhexane | 

14 

-2 

i +1.0 1 

! 71.1 1 

70.6 

40.5 

2,4-Dimethylhexane 

13 

-1 , 

-2.5 1 

74.6 



2,5-Dimethylhexane . 

10 

® i 

-5.0 ! 

1 

77.1 

78.0 

-0.9 

3, 3-Dimethylhexane. . 

17 

-2 : 

-0.5 , 

72.6 



3, 4 -Dimethyl hexane . . 

16 

-3 i 

[ 

44.0 ; 

68,1 

68.0 

40.1 

2-Methyl -3-ethylpcntane. . 

17 

-3 1 

43.5 1 

68.6 



3-Methy 1 -3-et hy Ipen tane 

20 

-4 ! 

46.0 1 

66.1 

65.9 

40.2 

2,2, 3-Trimethyl butane 

21 

-3 i 

41.5 1 

70.6 

70.8 

-0.2 

2, 2, 4 -Trimethyl butane. . 

18 j 

0 ; 

-9.0 i 

81.1 

80.4 

40.7 

2,3, 3-Trimethyl but ane .... j 

22 i 

-4 j 

45.0 1 

67.1 



2, 3, 4-Trimethyl butane. . I 

19 I 

-3 1 

42.5 1 

1 

69.6 




with molecular structure by a method similar to that applicable to the thermal 
properties is not clear. The fact, however, that this can be done with good 
agreement between calculated and e^^rimental values makes it likely that the 
differences between the values of other optical properties, taken at two different 
wave Iftngtha, may also be correla^ by this method. In particular, this pro- 
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oedure may prove to be useful in coneUlmg absorption spectot and molecular 
structure of hydrocarbon isomers. 


TABLE 6 

Predicted valttes of surface tension, specific dispersion, and critical solution temperature of 

nonanes 


COMPOUND 


n-^onane 

2- Methyloctane 

3*Methyloctane . 

4-Methyloctane 

3- Ethylheptane 

4- Ethylheptane 

2.2- Diinethylheptane 

2 . 3- Dimethyl heptane 

2.4- Dimethylheptane | 

2.5- Dimethylheptane 

2. 6- Dimethylheptane 

3.3- Dimethylheptane 

3 . 4- Dimethyl heptane 

3. 5- Dime thylheptane. . 

4, 4-Dimethyl heptane 

2-Methyl-3-ethylhexane I 

2- Methyl ■4-ethylhexane i 

3- Methyl -3 -ethylhexane i 

51-Methyl -4-ethylhc\'anc 

2.2. 3- Trimethylhexane 

2. 2. 4- Trimethyl hexane 

2. 2. 5- Trimethylhexane 

2.3. 3- Trimet hy 1 hexane 

2. 3. 4- Trimethyl hexane 

2. 3. 5- Trimethylhexane 

2.4.4- Trimethylhexane. ... | 

3.3. 4- Trimethylhexane ! 

3,3-Diethylpentane I 

2. 2- Dimethyl -3-e thy Ipentane I 

2. 3- Dimethyl -3-ethylpentane • • j 

2. 4- Dimethyl -3-ethylpentane 

2.2.3. 3- Tetramethylpentane ; 

2.2.3. 4- Tetrame thylpentane 

2. 2. 4. 4- Tetrame thylpentane 

2.3.3. 4- Tetramethylpentane i 


Aw 


( Toalod . 

Yonlod . 





dynes ! m . 

X. 

0 

0 

98.1 

22.9 

74.9 

6 

0 

98.6 

22.0 

76.8 

10 

-1 

98.0 

22.5 

75.3 

12 

-1 

98.2 

22.2 

76.0 

16 

-2 

97.5 

22.7 

74.5 

18 

-2 

97.7 

22.4 

75.1 

16 

0 

99.5 

20.5 

79.9 

18 

-2 

97.7 

22.4 

75.1 

18 

-1 

98.7 

21.3 

77.8 

16 

-1 

98.5 

21.6 

77.2 

12 

0 

99.2 

21.1 

78.7 

22 

-2 

98.1 

21.8 

76.4 

22 

-3 

97.1 

22.9 

73.7 

20 

-2 

97 A) 

22.1 

75.8 

24 

-2 

98.3 

21.5 

77.0 

24 

-3 

97.3 

22.6 

74.3 

22 

-2 

98.1 

21.8 

76.4 

28 

-4 

96.6 

23.0 

72.9 

26 

-4 

96.4 

23.3 

72.2 

28 

-3 

97,6 

21.9 

75.6 

26 

-1 

99.4 

20.0 

80.3 

22 

0 

100.1 

19.6 

81.8 

30 

-4 

^)6.8 

22.7 

73.5 

28 

-4 

96.6 

23.0 

72.0 

24 

-2 

98.3 

21.5 

77.0 

28 

-2 

98.6 

20.8 

78.3 

32 

-5 

96.0 

23.5 

71.4 

32 

-6 

95.0 

24.6 

68.7 

32 

-4 

97.0 

22.4 

74.1 

34 

-6 

95.2 

24.3 

69.3 

30 

-4 

96.8 

22.7 

73.5 

38 

-6 

95.5 

23.7 

70.6 

34 

-4 

97.2 

22.1 

74.7 

32 

0 

101.0 

18.0 

84.9 

36 

-6 

95.3 

24.0 

70.0 


CRITICAL SOLUTION TEMPERATURE IN ANILINE 

The critical solution temperature in aniline has been used to a considerable 
extent as an indication of the composition of hydrocarbon mixtures. Within a 
angle group of paraflin isomers, this property closely obeys equation 2. Extai- 
sion to the entire series of alkanes leads to the somewhat more complicated equa- 
tion: 
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Acst ^ Aw - (14.4 - 1.3n)Ap (9) 

The observed values of the critical solution temperature in aniline, given in 
table 5, are those determined by Wibaut (12), except for two paraffins, 3-methyl- 
hexane and 3-ethylpentane, which were not prepared by Wibaut and for which 
the older values of Edgar and Calingaert are given (2). The average experi- 
mental uncertainty is estimated at d:0.25°C. The average deviation between 
calculated and observed values is d=0.34°C. 

PHYSICAL PROPERTIES OF THE NONANES 

In table 6 predicted values of the surface tension, specific dispersion, and crit- 
ical solution temperature of the thirty-five nonanes, cakiulated from equations 
4, 8, and 9 are listed. The average probable error of the predicted values may 
be estimated at ±0.3 dynes/cm. in surface tension, ±0.6 ml./g. in specific dis- 
persion, and ±0.7°C. in aniline point. 

SUMMARY 

Simple empirical equations, permitting the calculation of physical properties 
of the alkanes from their molecular structure, are proposed. The properties 
correlated are the surface tensions of the normal alkanes, the difference in surface 
tension between any branched-chain alkane and its noimal isomer, and the 
difference in specific dispersion and aniline point between branched-chain and 
normal alkanes. Comparison with experimental data from the literature shows 
that the average deviations of the calculated from the observed values are of the 
order of the experimental uncertainties in all cases. Predicted values of these 
three physical properties for the nonanes are given. 
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INTRODTTCTION 

Early investigations of optical sensitization disclosed an optimum concentra- 
tion for any combination of dye and emulsion. It was further evident that dyed 
emulsions generally did not show an increase in white-light speed proportional 
to the increase in energy absorbed. The existence of desensitization by optically 
sensitizing dyes has been recognized, and more recently has been proved beyond 
dispute. However, its importance appears to have been g^erally underesti- 
mated, and its connection with the existence of an optimum concentration has 
never been established. 

Eder (3) attributed the loss of sensitivity produced by excessive amounts of 
dye to filter action by dye which is not adsorbed by the grains. The effect would 
increase with the concentration of the dye, as is actually observed. This view, 
which was supported by another pioneer in the field, von Hiibl (6), appears quite 
plausible, and has some basis in fact for emulsions containing weakly adsorbed 
dyes, such as the eosins. It has been widely accepted in textbooks. However, 
other early workers recognized the existence of true desensitization. Kdnig and 
Luppo-Cramer (8, 10) realized that when optical sensitization fails to increase 
white-light speed, there must be a loss of sensitivity in the region of silver halide 
absorption, to compensate for the increase of sensitivity to the longer wave 
lengths. The first definite evidence was supplied by Heisenberg (6), who showed 
that pinacyanol reduced the sensitivity of silver halide to radiation which it did 
not absorb. Further data on desensitizing by a number of sensitizing dyes were 
obtamed by Breido and Gorokhovski (1), who measured changes of sensitivity 
at a number of wave lengths in the ultraviolet region. However, Dieterle (2), 
in a short article on the effect of sensitizing dyes on natural sensitivity, expressed 
the opinion that desensitizing was no longer of practical importance. While 
admitting the possibility of true desensitization, he considered that impurities 
in the dye and filter action are the usual causes of loss in natural sensitivity. 
It is shown that desensitization can be readily measured in cases where these 
explanations are inadequate ; it is even a fa.ctor to be considered when white-light 
sqpeed is greatly increased by optical sensitization. 

Earlier data from these Laboratories had indicated that desensitization by 
practically useful dyes was associated primarily with the use of excessive concen- 
trations. Leermakers, Carroll , and Stand (9) have giVen examples of the clumge 
in seiisitivity to light transmitted by tiie standard tricolor filters, correqionding 
to varying concentrations of dye. Sensitivity to exposure through the ted and 
green filtm passed through well-defined maxima as the concentration was in- 
creased; sensitivity to li^t transmitted by the blue filter remained practically 

> Communication No. 1174 from the Kodak Rmmarch Laboratories. 
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constant for all concentrations up to the value corresponding to the red and green 
maxima, and then decreased rapidly. This implied that desensitization increased 
sharply when the optimum sensitizing concentration was exceeded. It is now 
demonstrated that, while the data are correct, the method of measurement in- 
cluded compensating effects which concealed the continuous variation of desensi- 
tization with concentration of sensitizing dye. 

Optical sensitization may be expressed in a number of ways. A useful measure 
may be obtained by exposure to a continuous spectrum through a filter which 
absorbs only the radiation to which the silver halide is sensitive in the absence of 
dye; results measured in this way are called ‘‘total” sensitization. For the 
following comparison of dyes, sensitization is expressed in terms of 1/J?,nax., 
where Emax is the energy of wave length corresponding to the maximum of spec- 
tral sensitivity required to produce a developed density of 1.0 (or in some cases, 
0.5), It is shown that the selection of narrow spectral regions other than those 
of the absorption maxima does not affect the results. 

Desensitization may be measured by the changes in Em, which is the corre- 
sponding energy of incident light of wave length 400 m/x required to produce the 
same developed density. This wave length was chosen because it is not appreci- 
ably absorbed by any of the dyes used in these experiments. The ratio of Em 
for the unsensitized emulsion to Em of the sensitized is a direct measure of the 
desensitization which the dye has produced. Both Ex^ax and Em were measured 
in the Phj^sics Department of these Laboratories by exposure with a monochro- 
matic sensitometer, using a slit width of 7.5 m^ (4). 

The observed optical sensitization in any given emulsion is the resultant of 
three factors: (1) the radiant energy absorbed by the dye, {^) the efficiency of 
energy transfer from the dye to the silver halide grains, and (3) desensitization 
by the dye. The effectiveness of a dye may be analyzed readily in terms of 
£niflx , Em, and the corresponding absorptions. Total sensitization, while 
readily measured, may be computed only by a complicated integration of absorp- 
tion and sensitivity over the whole region of optical sensitization. 

Absorption, A, is expressed as the percentage of light of the selected wave 
length which is absorbed by the dyed emulsion layer. It is equal to 100 — (/? + 
T), where R and T are diffuse reflectance and transmittance of the dyed emulsion 
layers. As in previous communications, these quantities were measured in the 
Physics Department of these Laboratories by means of the automatic photo- 
electric spectrophotometer. In regions where there is no absorption, the sum of 
reflectance and transmittance varies from 96 to 101 per cent, so the error in A is 
believed to be not more than a few per cent. 

The eflSciency of energy transfer from the excited dye to the silver halide 
grains cannot be measured in absolute terms by photographic measurements. 
However, by use of jEmax., Em, and the corresponding values of A, it is possible 
to calculate the desensitization and the relative quantum efficiency of the sensi- 
tized photographic process compared to the process in the region of natural 
absorption by the silver halide. The relative quantum efficiency is the best 
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availftble measure of the efficie&cy of transfer of energy from the dye to tire silver 
halide grains. The quantum efficiency, is defined as (molecules reacting)/ 
(quanta absorbed). In photographic measurements the density, D, is pro- 
portional to the amount of silver developed, with sufficient accuracy for our pur- 
poses. Therefore, for the total photographic process, 


<t> = 


KD 

AEi 


where K is & constant; and the relative quantum efficiency. 


<l>r = 




where ^ax. and ^400 are derived from and £’400 and the corresponding values 
of absorption. ^ never exceeds 1.0. In all the following experiments, ^ was 
found to be independent of dye concentration. It is, therefore, not affected by 
the desensitization, which varies with the concentration. This simplifies the 
comparison of dyes. 


COMPARISON OP DYES FOR DE8BNSITIZATION AND RELATIVE QUANTUM 

EFFICIENCY 


To illustrate the analysis of optical sensitization, two dyes of similar structure 
and similar distribution of optical sensitization have been compared. These are 
3,3'-diethylthiacarbocyanine iodide 


^/S\ 

C— CH=CH=CH— C 

C*H4 I CjHs 

Dye 1 


and 3,3'-diethyl-4,4'-diphenylthiazolocarbocyanine iodide. 


<0- 


\ 

II / 

CsHa 


C— CH=CH— CH=C 


Dye 2 



Botii dyes have their maximum sensitivity at 690 mjt* and secondary maxima 
at about 640 mM. Neither has appreciable absorption at 400 m/t. Sensitization 
by both dyes is measured by 1/Em and l/Em- Desensitization is measurable 
by the ratio of Em for the sensitized emulsion to Em for the imsensitized; since 
the latter is a constant for each group of experiments, Em may be used as a direct 
expression of desensitization. Table 1 gives the data for a series of concentra- 
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tions of both dyes in the same emulsion. The relations of 1/Em, 1/Em, A, 
and Em to dye concentrations are shown in figures 1 , 2, 3, and 4. 


TABLE 1 


Comparison of sensitization by dyes 1 and 2 

CONCENTXATION 07 
« 1>YE 

X 

UR 

A 


Dye 1 

» mt.jUUr 

my. 


per cent 



400 

5.15 

75.0 


20 

400 

3.40 

75.0 



540 

0.85 

34.5 

0.40 


590 

1.12 

34.0 

0.49 

30 

400 

3.40 

75.0 



540 

1.26 

46.5 

0.44 


590 

1.23 

42.0 

0.43 

40 

400 

3.15 

74.5 



540 

J.23 

53.0 

0.4J 


590 

1.3S 

47.5 

0.47 

60 

400 

2.70 

74.5 

I 

i 


540 , 

1.26 

61.5 

j 0.42 


590 1 

1.32 

54.0 

j 0.46 

Dye 2 


400 j 

5.15 ^ 

1 75.0 

[ 


20 

400 

0.535 

1 74 5 



540 

0.245 

27.5 

0.92 


590 

0.265 

25.0 

0.98 

30 

400 

0.405 

75.0 



540 

0.230 

37.5 

0.84 

» 

590 

0.230 

33.0 

0.87 

40 

400 

I 

0.345 1 

74.5 



540 

0.265 1 

43.5 

0.95 


590 

0.265 

39.5 

0.95 

60 

400 

0.295 

75.0 



540 

0.250 

52.0 

0.91 


590 

0.230 

47.0 

0.85 


In terms of total sensitization, dye 1 is about six times stronger than dye 2, 
but the spectral distribution of sensitivity which they produce is nearly the same. 
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E x a mina tion of tiie data in table 1 sho^s timt these results may be explained in 
the fcdlowing trams: 

(J) The absorptions are quite similar; that of dye 1 is greater by 10 per cent, 
which is a small difference when compared to tite difference in effective senai1iv<- 
ii^. 



Fig. 1. Comparison of the optical sensitizations of dyes 1 and 2 at different conoentrations 



Fig. 2. Comparison of the absorptions of dyes 1 and 2 at 540 mp and 590 tapL at different 
concentrations. 

(^) The relative quantum efficienci^ of both dyes are nearly constant over 
the range of conoentrations which were used, and the efficiency of dye 2, the 
weaker sensitizer, is the higher. In each case, the efficiency of the dye is the 
same at 590 zn^ and at 540 mp. 

(S) Desensitization by dye 2 is much the greater; it is actually of the same 
order as that of pinakryptol green. It is the desensitization whidi is responsible 
jor <he great difference between the dyes. It was not expected that a dye show- 
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ing strong desensitization should have a high efficiency of energy transfer, but 
the data available indicate that there is no inherent connection between these 
properties.^ 



h iG. 3. Comparison of the desensitizing effects of dyes 1 and 2 at different concentrations 



Concentrotion of Dye Miltigroms/Llter 

Fig. 4. Comparison of the relative quantum efficiencies of dyes 1 and 2 at different 
concentrations. 

Dyes may be found with almost any combination of absorption, efficiency of 
transfer, and desensitization. The best sensitizers have high efficiency of energy 

*Thi8 is particularly well shown by the photoconductivity of photographic emulsions 
containing dye-desensitizers (W. West and B. H. Carroll: J. Chem. Phys. 16. 539 (1947))* 
In these experiments the primaiy act, involving the production of mobile electrons in the 
silver halide crystal, is isolated from the subsequent photographic phenomena involving 
the formation and stability of the latent image and its development to a visible image, and 
it has been shown that many strongly desensitizing dyes do not inhibit the primary produc> 
tion of electrons by light. Some, indeed, are excellent optical sensitizers for the photocon- 
duotive process. 
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transfer, high absorption, and little desensitization, but this is quite rare, and 
there is a considerable range of properties among commercially useful dyes. 
Illustrative values are given in table 2 for dyes at optimum concentrations. 

Effect of Dbsbnsitization on the Optmcm Dye Concentration 

As the concentration of sensitizing dye added to an emulsion is increased, the 
optical sensitization (expressed either as 1/Em«x. or total sensitization) passes 
throu^ a maximum. The concentration corresponding to this maximum is re- 
ferred to as the sensitizing optimum. It is dependent on both em u lsion type and 
dye. 

Leermakers, Carroll, and Staud (9) found that, for a given dye, the amount 
adsorbed per unit area of silver halide surface at the maximum sensitization was 
reasonably constant in seven emulsions of different grain sizes. The optimum 
corresponded to coverage of the grain surface by a monomolecular layer of dye 
adsorbed flat on the surface; if the dye is adsorbed edge-on, as indicated by the 

TABLE 2 


Properties of representative dyes 


DYE 

NO. 

ABSOKP* 

TION 

DESENSITI- 

ZATION 

RELATIVE QUAN- 
TUM EFFICIENCY 

DESCRIPTION 


per cent 

per cent 



7 

64 

40 

0.77 

Excellent sensitizer 

8 

55 

67 

0.78 

Good sensitizer ; also used as supersensitizer 

9 

68 

74 

0.44 

I 

Selective sensitizer for red ; used in color 
processes 

10 

37.5 

80 

0.18 

Early type of dye ; no longer in use 

11 

36 

50 

0.64 

Only moderate sensitizer because of weak 
absorption 


data of Sheppard, Lambert, and Walker (11), the grain surl'ace is not completely 
covered. They concluded that the optimum was connected with the degree of 
saturation of the grain surface, a conclusion that was supported by the rapid in- 
crease in unadsorbed dye when the concentration was increased past a point 
near the optimum. However, the reduction in the sensitizing optimum on 
changing from carbocyanines to a dicarbocyanine was greater than that com- 
puted from the increase in surface coverage. 

It has now been found that the optimum concentration is determined in the 
main by absorption and desensitization ; the approximate agreement of sensitiz- 
ing optimum and surface saturation for some cyanines and carbocyanines arises 
from a similar contribution of these factors. 

Optical sensitization may be expressed by the following formula: 

1 _ /(A) •/(«,) 

E K -|-/(De) 

InwhichA and^havethe meanings already assigned, K is a constant, and Deis the 
desensitization. Since the experimental evidence shoAvs that ^ is substantially 
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constant, the optimum sensitization corresponds to the maYitniiin of f(A.)/f(De); 
A varies exponentially with the amoimt of dye, the rate of change becoming less 
and less as the concentration increases. Since De increases with concentration 
at a more uniform rate, A/De passes through a maTiTrinm . ' 

The effect of desensitization on the optimum concentration is clearly illustrated 


TABLE 3 

Compariso7i of sensitization hy dyes S and 4 


CONCENTRATION 
or »VE 

OPTICAL SENSITIVITY 

1/E 

(X « 640 m#i) 

1 ABSORPTION 

! ^ 

! 

E X 10« j 

(X “ 400 m/*) 1 

RELATIVE 

QUANTUM 

EFFICIENCY 

<i>r 



Dye 3 



mg /liter 

1 

1 per cent 

i 


0 



! 4.55 


1 

1 6.3 

25.0 

4.55 

0.06 

2 

6.9 

34.0 

4.55 

0.05 

5 

! 14.8 

42.0 

6.17 

0.13 

10 

5.15 

59.0 ! 

: 13.5 

0 06 

16 

i 5.3 

69.0 1 

1 15.20 

0.06 

30 

1.15 j 

75.0 

: 56.0 

0.04 

40 I 

Too low to measure 

79.0 1 

j 220.0 




Dye 4 



10 

31.0 

56.5 

7.95 

j 0.24 

16 

37.0 

67.5 

7.40 

1 0.23 

30 

34.0 

72.0 

12.3 

0.29 

40 

30.0 

76.0 

14.8 

0.32 


by the following data for sensitization by two carbocyanine dyes: 3,3'-dimethyl- 
8 , 10-di-m-toloxythiacarbocyanine bromide, 

^/S\ 

c— C=C1I— c=c 

CH, Br I I CIIs 

/\ 


CH, 






cir, 


Dye 3 


and 3,3',9-triethyl-5,5'“dichlorothiacarbocyanine bromide: 

/\/S\ 

C~CH=C— CH=C 

V H A/ V' 

CtHsIir ‘ C,H, 

Dye 4 


Cl' 


Cl 
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Table 3 shows and absoi^tioii for a series of emomtraiama ai 

each of the dyes in the same emulsion. Both of these dyes sensitiae witli sharp 
maxima at 640 mft. The spectral absorptions the silver halide {due dyes 3 and 



Fio. 5. Absorptions of dye 3 (o) and dye 4 (x) adsorbed to silver halide (silver halide 
absorption extends to 610 nvt). 



Concentrotion of Dye Milligrams/ Liter 

Fig. 6. Plots of absorption at 640 against concentration of dye S (o) and of dye 4 (x) 

4 are pven in figure 5, and the rdation between concentration and in figure 

6. The similarity of the dyes in these characteristics is evident. 

However, dye 3 has its optimum concentration at 5 mg. per liter of emulsion 
mid dye 4 at 15 mg. per liter, so that the absorption of dye 3 at its optimum is lesg 
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Concentration of Dye Milligrams/Liter 

Fig. 7. Plots of dcscnsitization E at 400 m/i — against concentration of dye 3 (o) and of 
dye 4 («). 



Concentrotion of Dye Milligroms/Liter 

Fig. 8, Plots of absorption-dcsensitization ratios against concentration of dye 3 (o) 
and of dye 4 (x). 



Concentrotion of Dye Milligroms/Liter 

Fig, 9. Plots of observed optical sensitization against concentration of dye 3 (o) and of 
dye 4 (x), 

than that of dye 4. In addition to this, the relative quantum efficiency of dye 3 
is lower, so that its effective sensitivity is further limited. Neithei' of these 
factors, however, explains a ratio of three to one in the optimum concentrations 
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oi dyes of similar structure' and molecular size. The relative desenaitisations by 
tbe two dyes which are plotted in figure 7 account for this diSermce. Using 
Em as the measure of De, the ratios of A/X>e for the two ds^ have been plotted 
in figure 8, against concentration as abscissas. In figure 9, l/Emtx.. has been 
plotted against concentration. It is evident that the maxima of the curves for 
each dye agree within the limits of error, and that the optimum concentrations 
are determined by the relation between absorption and desensitization. 

It is weD ^own in practice that the optimum concentration of infrared sensi- 



Fig. 10. Plots of 1/^: (X - 400 mu) and 1/F (X = 800 m^i) of dye 5 


tizers is low. While the tendency to cause fog limits the useful concentration in 
some cases, it is normally the desensitization which is the controlling factor. This 
is illustrated by the data for dye 5, a tricarbocyanine, which are given in table 4 
andPfigure 10: 



H.C CiH*I 


-CH=CH— CH— CH— CH=CH— CH— C 



Dye 5 
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Absorption could not be measured with sufficient accuracy to calculate A/De, 
since it is less than 10 per cent at the optimum, but it is evident that the desensi- 
tization, measured by the change in 1/Emy explains the loss in sensitization past 
0.10 mg. per liter. The molecular area of dye 5 is only one-fifth greater than 
that of a carbocyanine, so that the change in surface saturation has a relatively 

TABLE 4 


Characteristics of an infrared sensitizer 


CONCENTRATION 

I/Emo X 10> 

l/Eioo X 10* 

mg.fliUr 



0.00 

0 

10.50 

0.01 

4.5 

7.25 

0.02 

16.0 

6.91 

0.05 

12.0 

' 5.75 

0.10 

76.0 

5.36 

0.20 

50.0 

0.91 

0.50 

38.0 

1.95 

1.00 

18.0 

1.38 

2.00 


0.54 

5.00 

1 

1 0.19 

1 



0 10 20 30 40 

Concentration of Dye Milligrams /Liter 


Fig. 11. Plots of inertia speeds exposure through blue (No. 47) Wratten filter against 
increasing concentration of dye 6. o, Leermakers, Carroll, and Staud; x, this paper. 


small effect on the optimum. Computing areas in A*, by the methods of Huggins 
(7), the computed areas are as follows: 


DYE 

OXIENTATION 

Flat 

On edge 

On end 

Dye 5. : 

Dye 1 

161 

137 

72 

57 

26 

26 ' 
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The data already given make it evidmt that desenutisation is a major factor 
in sensitization at concentrations of dyes well below optimum* It may not be 
detected by exposures through a blue jUter because of ooQ^>«asating smsitization 
in tJie blue-green r^cm transmitted by the filter. Hie published results of 
Leermakers, Carroll, and Stand (9) showed that the ^>eed through a blue filter 
was practically unchanged until the sensitizing optimum was reached. These 
were repeated using the same dye, 3,3'-diethyl-9-methyl-4,5,4',5'-dibenao- 
thiacarbocyanine chloride (dye 6) in another batch of the same emulsion. The 
results of exposure through a Wratten No. 47 filter are plotted in figure 11 on a 
linear scale, along with the data of Leermakers, Carroll, and Staud (9). In 
figure 12, values of l/Em for the same coatings are plotted against concentration; 
these show that desensitization can be Measured at the lowest concentrations of 



Flo. 12. Plot of \/E (X — 400 m^) values against increasing concentration of dye 6 

dye. Results in this system are therefore in agreement with the conclusions 
derived from the data described in this paper. 

CONCLUSIONS 

1. The effectiveness of a given sensitizing dye is the resultant of its spectral 
absorption, efficiency of transfer of adsorbed energy to the silver hali^, and 
desensitization of the emulsion. Changes in the structure of the sensitizing dyes 
appear to vary these properties independently. 

2. Efficiency of energy transfer is practically independent of dye c^centration. 

3. Desensitizatibn is an important factor in sematization even with the best 
B Mi s iti ai ng dyes. It is readily measured by the change in sensitivity at 400 nm. 
Because desensitization and absorption increase with concentration by different 
functions, the ratio absqrption/desaisitization passes through a maximum, and 
tl^ has been shown to correqmnd with the maximum of senmtization. There is 
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DO inherent connection between sensitizing optimum and saturation of the grain 
surface by dye. 
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COMMUNICATIONS TO THE EDITOR 
THE OXIDATION OF FERROUS SULFITE IN AIR 

Samples of ferrous sulfite were obtained by mixing ferrous sulfate and sodium 
sulfite solutions in a hydrogen atmosphere; they were creamy Avhite precipitates 
and were washed with air-free water and alcohol and then dried in a vacuum 
desiccator over sulfuric acid. These precipitates became more or less dark on 
the surface, owing to unavoidable short contact with the air; when dry, they were 
cream to various shades of brown. Under the microscope they were seen to con- 
sist of colorless or pale greenish yellow crystals with a coat of yellow-brown 
oxidised material; this latter was sometimes of a cauliflower-like growth from 
the crystals. When dry, the samples were exposed to air in a large desiccator 
containing calcium chloride which w'as opened only occasionally; or they were 
exposed to the air in a balance case containing some sulfuric acid, but this case 
was opened more often to the air. These samples Avere analyzed from time to 
time over a period of years. The per cent of ferrous sulfite fell jfegularly and con- 
tinuously, often slowly at the rate of about 0.4 per cent per year, but sometimes 
much more quickly, even up to 25 or 50 per cent per year. The purer and the 
drier the original sample, the slo\^r is the subsequent oxidation. If the original 
sample is moist or contains much disseminated oxidation product (iron hydrox- 
ides?), then the subsequent oxidation is more rapid.: 

The analysis of the ferrous sulfite presents some difficulties. By placing a 
weighed sample in an excess of standard potassium dic^omate solution plus 
hydrochloric acid, the oxidation is rapidly completed to ferric sulfate, and the 
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^ceafi of dichromate is found by using an excess of standard fmous chloride solu- 
tion and finishing with dichromate titration. This method gives concordant re- 
sults; duplicates differ by less than 0.5 per cent ferrous sulfite; it estimates, of 
course, the combined ferrous and sulfite rascals, which are calculated as FeSOs. 
The use of potassium permanganate, instead of dichromate, gives low results for 
ferrous sulfite, the usual oxi(Ution of sulfite to other than sulfate then occurring. 
Tests with sodium sulfite indicated that the above dichromate method gave 
higher results than the iodine method used in the same manner; e.g., 84.9 per cent 
sodium sulfite was found by the dichromate method and 83.8 per cent by the 
iodine method. 

Of course the per cent of ferrous sulfite found in the ferrous sulfite samples by 
the dichromate method will be high if the samples contain ferrous hydroxide, etc. 
In the final solutions from these assays the sulfate was determined as barium 
sulfate. The sulfate due to the oxidation of the sulfite was calcrilated, and then 
by subtracting this from the total sulfate found, the original sulfate in the sample 
was found. In many cases during the oxidation of the ferrous sulfites the gain of 
sulfate was equivalent to the ferrous sulfite loss, but sometimes this was not ob- 
served or was obscured by the greater experimental error accumulating in the 
sulfate determination. The fresh samples of ferrous sulfite showed a sulfate value 
less than that equivalent to the ferrous sulfite content: the latter value therefore 
was high due to ferrous hydroxide, etc. This deficiency of sulfate value (up to 5 
per cent at the start) cut out in about 70 days; any ferrous hydroxide in the sam- 
ples is thus oxidized faster than the ferrous sulfite. 

A set of four samples of ferrous sulfite was made by placing solid ferrous sulfate 
and sodium sulfite crystals and water in tubes which were then sealed. On solu- 
tion and mixing, buff to brown precipitates appeared. After seven years the 
solutions were colorless or brownish over cream white powders; the latter were 
washed with water and alcohol and were dried over sulfuric acid in vacuo for from 
1 to 7 days. In two of the tubes a crust of ferrous sulfite had separated; these 
were washed and dried as before, apart from the loose precipitates above; this 
bulked sample was the purest sample of ferrous sulfite obtained. This sample 
was kept in a small weighing bottle, generally closed, in the balance case; it con- 
^ned 70.3 per cent ferrous sulfite at the start and 69.3 per cent ferrous sulfite a 
year later. Another of these samples decreased from 69.9 to 65.4 per cent ferrous 
sulfite in a year, this sample being open continuously in the balance case and 
occasionally stirred up : the two other samples were kept in the same manner, and 
the average loss of ferrous sulfite in a year was 7 per cent. The first sample in the 
weighing bottle was analyzed seven times over the year; the mean values of the 
last six analyses were: per cent FeSO« = 69.6, (« 49.1 per cent SO 4 and 28.6 
per cent ferrous Fe); per cent SO 4 (total) = 49.5; per cent SO 4 (free) =* 0.4; per 
c«it ferrous Fe (direct) = 28.6; per cent total Fe (direct) » 29.0. It would 
therefore contmn 97.3 per cent FeSOfSHsO plus 2.7 per cent (or probably less) 
of iron hydroxides. (FeSO»*3H»0 contains 71.6 per cent FeSO», 29.4 per cent 
ferrous Fe, and would give equivalent SO 4 =» 50.5 per cent.) 

Of the samples of ferrous sulfite kept in the calcimn chlmride desiccator one 
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decreased regularly from 68.2 to 64.9 per cent ferrous sulfite in 91 months, i.e., 
underwent a loss of 0.36 per cent ferrous sulfite in a year; two other samples be- 
haved similarly. Two samples were kept for some months in the desiccator, 
then were sealed in a tube for six years, then were exposed again to the air. in the 
balance case, when the oxidation (which had ceased in the sealed tube) again 
became very rapid ; one of these samples showed the following time and analysis 
results: 0 (start), 60.3 per cent FeSOa; 6 months, 46.5 per cent FeSOs; then sealed 
until 86 months, 48.0 per cent FeSOs; thereafter open, at 91 months, 26 per cent 
FeSOa; at 97 months, 8.5 per cent FeSQa. This sample had much red-brown 
iron hydroxide mixed with it from the start, and that oxide or that disseminated 
form of ferrous sulfite quickened the oxidation; this sample showed the most rapid 
oxidation of all the samples of ferrous sulfite. But pure dry crystals of 
FeSOa *31120 evidently oxidize very slow^ly (and dehydrate very slowly) under 
ordinary conditions. 


James R. Pound. 

The School of Mines 
Ballarat 

Victoria, Australia 
November 29, 1947 


ANODIC^ BEHAVIOR OF ALUMINUM IK A MAGNETIC FIELD 

It is well knoAvn that aluminum immersed in a solution of certain aluminum 
salts does not conduct anodically, or does so very poorly. This property is taken 
advantage of for rectifying the current, and the usual explanation given for this 
phenomenon is that the passage of the current is prevented by the formation of 
a film of oxide. 

Certain facts have come to my attention which indicate that there are other 
factors which may be responsible for this peculiarity of aluminum and of other 
metals. 

In electrolyzing an aluminum sulfate solution with a platinum anode, an 
aluminum strip w^as inserted into the anode compartment. The solution was 
hot, and the strip of aluminum dissolved with energetic evolution of gas. The 
strip of aluminum was then connected to the platinum anode and the evolution 
of gas stopped, or very nearly so. On breaking the connection with the platinum 
anode the evolution of gas reappeared instantaneously. The fact that these 
effects are observed at once does not seem to support the theory of an oxide 
film, because its formation and disappearance must take time. The film of 
oxide can be a contributing factor, but it cannot be solely responsible for the 
obstruction of the current. 

The idea came to mind that it may be due to some special electronic structure, 
such that electrons under the electrical field can move only in one direction and 
not in the other. 
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If iheae is any jui^ificatioa for tibis view« a xaagDetfe field shoidd prodaoe an 
aSaet; to test this the foOowing eacperiments have been peiforaaed. 

A test tube of such a raze that it just fitted into the gap between the two poles 
<x[ a powerful alnico magnet was filled with a solution of aluminum sulfate and 
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two aluminum electrodes were inserted (figure 1). This cell was c<mneeted to a 
4fi‘Volt battery, with no visible effects of the passage of current. But when it 
was placed between the poles of the magnet, the anode began to produce gas, a 
mnilt which indicated some increase in conductivity of tiie sidution. 

Kcgrt an experiment was carried out with a powerful dlectromagnet of about 
2000 Gauss. Two iron rods were screwed into its body as in figure 2. They 
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were insulated with thin glass caps having a wall thickness of 0.3 nun. These 
caps were 8 nun. in diameter and 3 mm. apart,. On the lower rod a container 
<;apable of holding a solution of aluminum sulfate was fixed. It was thus possible 
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to place a strip of aluminum anode between two polos of the magnet. A platinum 
wire served as cathode. With the 45-volt battery connected to the electrodes 
in a saturated solution of aluminum sulfate there was no drop of' potential 
observed. However, when a magnetic field was established the potential fell to 
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10 volts and passage of the current became evident. At the same time it was 
observed that the aluminum strip was covered with a deposit having the ap- 
pearance of a molten mass and the shape of a disc of the same diameter as the 
iron rod facing it (figure 3A). The disc appeared on the upper surface; on the 
other surface there could be observed small amounts of the same matter de- 
posited here and there. 

A similar experiment was performed with a permanent alnico magnet. In 
this case the two iron rods need not be screwed into the body of the magnet, 
because they arc held by the magnetic force itself. The permanent magnet 
did not have the strength of the electromagnet, but the effect observed was of 
the same nature. The same substance was deposited in a cinile which was, 
however, not completely covered with the deposit, as in the case with the elec- 
tromagnet (figure 3II). It was found afterwards that even with a very weak 
magnetic field a deposit of the same kind is formed in a circle. 

Without the magnetic field, especdally if one uses pure aluminum, one observes 
deposits in small (juantities of the same matter here and there, and not in a circle. 
This matter is not oasil}^ detachable from the metal itself, so that a ^^'ay of col- 
lecting it for analysis has not yet been found. 

A number of photographs were taken under a micros(H)pe. Figun* 4 shows 
figures 3A and 3B magnified twenty times. 

(Jkohge Antonoff. 

Anne Rowley. 

Department of Chemistry 
Fordham University 
New York, New York 
January 2(), 1948 
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Small Wonder: The Story of Colloids. Hy CJkssnbr (J. Hawley. i\ -f 220 pp.; x and xxi 
plates. A Borzoi book. New York: Alfred A. Knopf, 1947. Price. $3.50. 

The author has written entertainingly about the science of partieJes too small to be seen 
in a microscope yet larger than molecules. As he points out , they bold the key to the secret 
of life — they pervade all matter, both living and non-living. Written for the intelligent 
layman, most of the material presented will be understood by those who have no more than 
a high school knowledge of physics and chemistry. In order to emphasize the place of 
colloidal systems in the physical universe, the author surveys the seven divisions or size 
ranges into which it falls. In this scheme the colloidal size realm comes above the atomic 
and molecular divisiotis but below the microscopic range. The description of these seven 
size divisions points up the importance of the colloidal state in the life process. 

In discussing the purpose of the book the author points out that he is attempting “to 
acquaint those interested in what science is discovering with some of the more salient facts 
about it.’^ He assures his readers that he is presenting one of the iiewer points of view with 
regard to the behavior of matter. In this he is quite successful. Furthermore, he should 
appeal to the lay reader because he illustrates his theme by discussing such everyday things 
as the purification of water, rubber, cunls and whey, soa])s, detergents, emulsifiers, blood, 
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and the chemistry of life. Here one has an array of subjects, one or more of which should 
interest almost everyone. There are a few errors of fact but they do not detract from the 
whole story . Residents of St . Louis, where the smoke problem has been solved better than 
in most other cities, will resent the statement that they are more begrimed than Pittsburgh. 
This little volume might well be used for assigned reading for a survey course in the physical 
sciences. It cannot be considered as a textbook in colloid chemistry. 

L. 11. Reyerson. 

Physikalische Chemie. By Werner Kuhn. Third edition. 5 x 7i in.; xi + 374 pp. 

Basel; Wepf^nd Co., 1947, Price: 16 fr. (Swiss). 

In content this introductory text is in interesting contrast to a number of recent American 
books on elementary physical chemistry. The author of this textbook makes no attempt 
to survey the entire field of physical chemistry, nor to include superficial accounts of 
specialized or advanced subjects merely because they are at present attracting popular 
attention. Only the classical aspects of physical chemistry are discussed. The first nine 
^ chapters, comprising about 85 per cent of the text, are devoted to an orderly presentation 
of the properties of matter and of equilibria from the thermodynamic viewpoint. The ma- 
terial is arranged to clarify the basic principles, examples being chosen from the properties 
Igf solid, liquid, or gaseous systems as seems best fitted for the purpose. There are no com- 
mete chapters devoted exclusively to each of the three stateaof matter, as seems to be an 
aunost universal custom in American texts. The last three chapters introduce, respectively, 
reaction kinetics, surface phenomena, and the properties of colloids. 

The presentation is simple and relatively non-mathematical. The reader is apparently 
expected to have some acquaintance with elementary calculus, but no great proficiency in 
this subject is required. While occasional references to experimental methods or results 
are made in the text, the amount of such illustrative material is comparatively scanty. 

Robert Livingston. 

Organic Syntheses . Volume 27 . Edited by R. L . Shriner . vi -f 121 pp . New York ; J ohn 

Wiley and Sons, Inc., 1947. Price; $2.25. 

In this volume the tradition of Organic Syntheses of providing the chemist with well- 
developed and thoroughly checked procedures for the preparation of organic compounds 
has been continued. The preparative procedures are about equally divided among ali- 
phatic, aromatic, and heterocyclic compounds. Each procedure is complete wdth notes, 
explaining possible difficulties, and with pertifient references to the original literature. The 
subject index is cumulative, covering Volumes 20 through 27. 

The following preparations are included in this volume ; i9-alanine, i9-aminopropionitrile, 
and bis(/8-cyanocthyl)amine, benzalacetone dibromide, biallyl, a-bromobenzalacetone, 
fert-butylamine, car boxymethoxyl amine hemihydrochloride, decamethylenediamine, di- 
ethylaminoacetonitrile, dihydroresorcinol , 3, 5-dimethyl -4-carbethoxy-2-cyclohexen-l -one 
and 3,5-dimethyl-2-cyclohexen-l-one, 1, 6-dimethyl -2-pyrrolidone, 2, 3-dipheny Undone 
(2,3-diphenyl-l-indenone), 2,4-diphenylpyrrole, ethyl a-isopropylacetoacetate, 4-ethyl- 
pyridine, glycolonitrile, 6-hydroxypentanal, isatoic anhydride, 6-metho.\y-8-nitroquinoline, 
1 -methyl -2-imino-/9-naphthothiazoline , AT-methyl-l -naphthyl cyanamide , 1 -methyl -1 - (1 - 

naphthyl)-2-thiourea, mucobromic acid, m-nitrodimethylaniline, 3-penten-2-ol, 7-n-propyl- 
butyrolaetone and ^-(tetrahydrofuryl) propionic acid, pseudothiohydantoin, rhodanine, 
stearolic acid, tetraiodophthalic anhydride, m-thiocresol, o-toluic acid, p-toluic acid, 
o-toluidincsulfonic acid, and 1,3, 6-triacetyl benzene. 

R. M. Dodson. 

CMoid Science, A Symposium, Contributors: E. K. Rideal, A. E. Alexander, D. D. Eley, 

P, Johnson, F. Eirich, R. F. Tucket, J. H. Schulmkn, M. P. Perutz, G. S. Adair, G. B. B. 

M. Sutherland, and R. R. Smith, x 4* 188 pp. + index. Brooklyn, New York : Chemical 

Publishing Company, Inc., 1947. Price: $6.00. 

According to the ‘'Foreword to the First American Edition,*' this book is made up from 
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a series of lectures given as a course in colloid science at Cambridge Universityi Cambridge, 
England, under the auspices of the Hoyal Institute of Chemistry. The topics appear to 
have been selected on the basis of the activities and interests of the stai! members of the 
Department of Colloid Science at Cambridge rather than from the point of view of any 
integrated course in the subject. In all there are ten main topics which are considered: 
1. Surface Chemistry and Colloids— 'Alexander. 2. Thermodynamics and Colloidal Sys- 
tems — Eley. 3. The Study of Macromolecules by Ultracentrifuge, Electrophoresis and 
Diffusion Measurements — Johnson. 4. The Viscosity of Macromolecules in Solution— 
Eirich. 5, The Kinetic Theory of High Elasticity— Tuckett. 6. Emulsions in vivo — 
Schulman. 7, The Study of Colloidal Systems by X-ray Analysis — Perutz^ 8. Membrane 
Equilibrium— Adair. 9. Infra-red Spectra and Colloids— Sutherland. 10. Vinyl Poly- 
merization in the Liquid Phase — Smith. 

In general, the present status of information in the several fields is reviewed in readily 
Understandable form. By and large the emphasis lies where it must in a small book — 
namely, on the descriptive aspects — but in certain instances some mathematical attention 
is given to the subject. In some cases the connection with colloid science is not too 
apparent. 

The review^er was especially impressed with the sections by Drs. Eirich, Perutz, and 
Adair. The section by Dr. Johnson seemed to lack something in incisive treatment. For 
instance, discussion of the subject of electrophoresis is hardly representative of the advances 
of the past decade. 

The printing, the paper, and the binding are excellent. So it is to be regretted that more 
attention was not given to proof-reading. The book contains too many errors of this kind. 

J. W. Williams. 

Conversion Factors and Tables, By 0. T. Zimmerman and Irvin La vine. 262 pp. Dover, 

N. H.: Industrial Research Service, 1945. Price: $2.75. 

In pocket-size form this little booklet contains conversion factors for all of the usual 
and many unusual units of scientific, industrial, and commercial use. The alphabetical 
arrangement presents all the factors in a most convenient form. The extent of the tables 
can be seen by consulting that for ‘‘cubic centimeter, under w^hich thirty -five different 
units will be found, including British fluid drachms and U. S. fluid drams as well as British 
pottles and noggins. One could not want better evidence of the necessity of universal 
adoption of the c.g.s. system of weights and measures (indeed, adoption is world-wide ex- 
cept for England and the United States) than by looking through such a comprehensive 
set of conversion factors. And the convenience of having such tables should not for a 
moment lessen our desire to adopt and use more scientific units in the two great English- 
^ speaking countries. 

S. C. Lind. 

Research, A Journal of Science and its Applications. No. 2, November, 1947. London: 

Butterworth’s Scientific Publications, Ltd. Price: $10 per year. 

In a foreword to this new journal, launched with a very imposing board of advisors, Sir 
Charles Darwin expresses the need for a new journal to cover the various fields of science 
in a more exact way than the popular periodicals and at the same time to present material 
in a more understandable and less rigid style than is usual in the records of the learned and 
the professional societies. 

The present number contains papers on glass, whaling, British commercial high ex- 
plosiveS) labile molecules, and research in rubber production. One of the papers has ex- 
tensive references to the literature of its subject; the others do not have any references: 
Apparently the journal is not intended as a permanent contribution to scientific literature, 
which woidd be difficult without volume numbers. However, the paging is continuous from 
Number 1, so that volume numbers could be added if it seemed desirable to do so. 

S. C. Lind: 
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Although a considerable amount of work has been done on heats of adsorption 
(2), most of it is concerned with porous adsorbents for which the number of 
^yers is limited by the filling of capillaries. Recently Harkins and Jura (7) 
have determined the heats of adsorption of polymolecular films of water on ti- 
tanium dioxide by measurement of the heats of immersion of powders containing 
varying amounts of adsorbed water. They find that the heat of adsorption 
decreases as the thickness of the water film increases but that at the thickest 
films that could be measured the heat of adsorption is still greater than the heat 
of liquefaction of water. Beebe, Biscoe, Smith, and Wendell (1) have measured 
the heats of adsorption of gases on carbon blacks, which are non-porous, by direct 
calorimetry. These measurements show that the heat of adsorption falls off 
rapidly after the first layer is completed, but they were extended only to a value 
of V/Vm near 1.5. In later work (la) it is found that the heats of adsorption of 
hydrocarbons tend to be, even in the second layer, considerably in excess of Ejt. 

The isosteric method, which has often been used for measurement of the heat 
of adsorption, provides a more sensitive tool than calorimetry for investigation 
of the heat effects associated with the formation of polymolecular films. In 
calorimetric measurements the relative error increases as the heat effects become 
smaller, whereas the isosteric method does not depend upon measurements of 
small heat effects but rather upon relative pressure measurements, which are 
quite accurate up to the regions of high adsorption. Any shift of the volume 
V8. relative pressure curve with temperature shows that the heat of adsorption is 
different from the heat of liquefaction, as pointed out by Coolidge (4), who has 
carefully examined the validity of applying the Clausius-Clapeyron equation to 
the equilibrium between vapor and an adsorbed phase. 

EXPERIMENTAL 

A sample of graphite provided by the National Carbon Company* was used as 
adsorbent in this study. It has an ash content below 0.001 per cent and was 
prepared so as to be essentially free of oxygen complex. Before use it was heated 
at 900®C. for 3 hr. in vacuo. The surface area is 4 sq. m. per gram.* We believe 
that the sample is quite similar to the one used by Harkins, Jura, and Loeser 
(8), which was also provided by the National Carbon Company. 

^ This paper consists of a report of work done under contract with the Technical Com- 
mand, Chemical Corps, United States Army. 

* s We wish to thank Dr. L. L. Winter of the National Carbon Company Research Lab- 
oratory for preparation of the sample and for the analytical data. 

• The authors wish to thank Professor R. A. Beebe and Miss M. H. Polley of Amherst 
College for determination of the nitrogen isotherm and computation of the area. 

nil 
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Ethyl chloride was used as adsorbate because of its availability m high purity 
and its suitable vapor pressure range. Eastman “white label” grade was puri* 
fied by treatmait with sulfuric acid and repeated distillation in the vacuum 
line. The final product had vapor pressures of 471 mm. at 0°C. and 3.44 mm. 
at — 78®C. The average heat of liquefaction, computed by the Clausius- 
Clape 3 rron equaticm from these vapor pressures, is 6700 cal. per mole in the 
temperature range 0®C. to — 78‘’C. 

Ice-water mixtures and dry ice were respectively used for the two constant- 
temperature baths. The dry ice gave some supercooling when first added to 
the Dewar flask but returned to a constant value within an hour. It was found 



Fiq. 1. Isotherms for ethyl chloride on graphite. Upper curve at — 78°C., lower at 0°C. 
The dashed curve is for desorption at 0°C. The 0®C. curve gave an adsorption of 11.9 co. 
at p/p» = 0.993. 

best not to add acetone or other liquid to the dry ice bath. As used, the bath 
kept pure ethyl chloride within a vapor pressure range of ±2 per cent. All the 
isotherm points were determined gravimetrically, except those at relative pres- 
sures below 0.05. The sample bulb was attached by a standard-taper joint, 
so that after each addition it could be removed and weighed. All pressures 
below 5 mm. were read from a McLeod gage. To minimize error due to unad- 
sorbed gas in the sample tube we employed an 8-g. sample in a tube whose free 
volume (helium) at O^C. was only 8.5 ml. 

Isotherms for 0®C. and — 78°C. are shown in figure 1. Each curve shows all 
experimental points for two or more separate determinations. The — 78°C. 
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curve was not carried to higher relative pressures because of the db2 per cent 
uncertainty in the pressure measurement, due to temperature fluctuations in the 
dry ice bath. It is not possible to determine experimentally whether the curves 
come together at relative pressures below 1.0 or not, but there is no indication 
that this occurs. 

Desorption points, determined for the isotherm at 0°C., are indicated by the 
dashed curve of figure 1. Desorption was not determined for the —78^0. 
isotherm because of the large temperature change each time the tube was 
removed from the bath for weighing. A hysteresis loop, such as shown in the 
O^C. isotherm, is usually interpreted as due to capillaries which fill at the high 
relative pressures. Whether these are crevices in the graphite particles or voids 
between the particles cannot be determined, but in any event the small amount 
of capillarity does not affect the conclusion that most of the adsorption is in 
polymolecular films of considerable thickness; if capillaries are present, they are 
so wide that they do not fill until the film on each wall is several molecules in 
thickness. 


DISCUSSION 


The Clausius-Clapeyron equation 


E = 


RT1T2 I Pi 
Ti - T2 P2 


has been used to compute the differential heat of adsorption. Computed values 
are shown in figure 2, plotted as a function of the amount adsorbed. The base 
line is El, the heat of liquefaction of ethyl chloride, computed from the po values 
at the two temperatures. At all measurable pressures the heat of adsorption 
exceeds the heat of liquefaction. (This is shown in the isotherms for the two 
temperatures. They would coincide if E — El^) 

The upper scale of figure 2 shows heat of adsorption as a function of the 
number of statistical layers. The value of Vm was computed by B.E.T. plots 
for the two isotherms as 0.62 cc. per gram at — 78°C. and 0.57 cc. per gram at 
0®C. In figure 2 we used an average value for Vm of 0.60 cc. per gram, since the 
isosteric heats represent the heat of adsorption at the mean temperature. In 
plotting E V8, number of layers we do not imply that a given value of E corre- 
sponds to covering the surface with a uniform layer n molecules in depth. 
Rather, we believe that for a given number of statistical layers part of the surface 
is covered by a greater number of layers and part by a lesser number, with some 
portions holding only a monolayer. 

Our isosteric heats cannot be compared with the calorimetric values of Beebe 
and associates (1, la), since our method lacks precision in the region of small 
adsorption and the calorimetric method is not very exact beyond about 1.5 
to 2 Vm. 

The falling off in £ with volume is much like that observed by Harkins and 
Jura (7) for water on titanium dioxide. We have searched for other published 
isotherms of non-porous adsorbents, to see whether the effect is general, but find 
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tally one other case where isotherms have been determined at two tomperatures 
and extended to high relative pressures. This is for the adsorption of butane at 
0®C. and — 78®C. by 200-meBh glass spheres, reported by Davis, DeWitt, and 
Emmett (6). Their results are much like ours; the isotherm at the lower 
temperature is shifted to the left of the one at the higher temperature, at all 
pressures. Thus it is.shown that E > Ei at all measurable pressures. There are 


NUMSeS OF STATISTICAL LAYERS 



Fio. 2. Isosteric heat of adsorption for ethyl chloride on graphite. The base line at 6700 
cal. per mole is the heat of liquefaction, computed from po values at the two temperatures. 

a number of isotherms for porous adsorbents that show a shift to more adsorp- 
ticm as the temperature is decreased, thus indicating that E > Et, but these 
usually reach saturation at low relative pressure, owing to filling of capillaries, 
and one cannot determine from them whether E becomes equal to Et, at high 
relative pressures. 

The isotherms of Coolidge (6) for water on charcoal, and of Beyerson and 
Cameron (9) for iodine on silica gel, have been interpreted by Brunauer (2) as 
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evidence that E ^ El for these systems which give Type III isotherms. Aside 
from these we know of no case in which it has been proved that adsorption will 
occur when E = El* Even here there is some question as to whether the experi- 
mental precision is sufficient to detect the small shifts of isotherms with tempera- 
ture that would result were the heat of adsorption only slightly greater than the 
heat of liquefaction. 

In view of our data for a typical Type II isotherm and the observation that the 
butane isotherms of Davis, DeWitt, and Emmett (6) also show that E > El 
up to multilayers many molecules in thickness, we feel that the B.E.T. assump- 
tion (3) that E^ ^ Ez = El unsound. After perhaps the third layer it is 
a fair approximation, but for smaller adsorptions E may exceed El by as much 
as several hundred calories per mole. 

SUMMARY 

Isosteric measurements have been made of the heats of adsorption of ethyl 
chloride on graphite at temperatures of 0®C. and — 78°C. It is found that the 
differential heat of adsorption is much higher than the heat of liquefaction during 
the adsorption of the first and second layers, that Ea drops to only slightly above 
the heat of liquefaction when the adsorbed film becomes several molecules in 
thickness, and that Ea never becomes equal to El within the measurable pressure 
range. 
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In the derivation of the Brunauer, Emmett, Teller (B.E.T.) equation for multi- 
layer adsorption (4) it is necessary to make the assumption that the heats of 

> This paper consists of a report of work done under contract with the Technical Com- 
mand. Chemical Corps, United States Army. 
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adsorption for all layers beyond the first are equal to the heat of liquefaction. 
In a previous paper (14) we have shown experimentally that this assumption is 
not valid for a tsrpical Type II isotherm, that of ethyl chloride on graphite. It 
was found, by application of the Clausius-Clapeyron equation to isotherms for 
two different temperatures, that E is large in the region where formation of the 
multilayer film begins and that E approaches Ei, only when p approaches po- 
(The heat-volume ciuwe is reproduced in figure 2.) We have now extended this 
study to a Type III isotherm, that of ammonia on graphite. 

BXFBBIMESNTAD 

The graphite was from the same lot* as that used for the ethyl chloride iso- 
therm. We have designated it NC-1. The nitrogen surface area* is 4.0 sq. 
m. per gram. 

Ammonia from a commercial cylinder was purified by distillation in vacuo 
until constant vapor pressure at dry ice temperature was obtained. Isotherms 
were determined by the conventional pressure-volume method, at temperatures 
of — 78.5°C. and — 35.7®C. Dry ice, without a solvent, was used for the former 
temperature and an ethylene chloride freezing bath for the latter. This bath 
was made by adding sticks of frozen ethylene chloride to the liquid as needed to 
maintain the temperature. Temperatures were measured by the vapor pressure 
of ammonia in a small tube next to the sample bulb. Temperature variation was 
less for the ethylene chloride bath than for the dry ice; both could be maintained 
quite constant for a period of 8-11 hr. without recharging. 

Isotherms for the two temperatures are shown in figure 1. It will be noted 
that the experimental precision is not nearly so good as that found for ethyl 
chloride and that there is considerable spread of points in the middle pressure 
region. In this region the correction for unadsorbed gas is large, which contrib- 
utes to experimental error. Despite the observed spread of points, it is clear 
from the data that the — 78.5'’C. isotherm is shifted to the left of the — 35.7°C. 
isotherm, a result which shows conclusively that the heats of adsorption are 
greater than the heats of liquefaction. Isosteric heats of adsorption, computed 
from the smoothed curves of figure 1, are shown in figure 2. The plot of E vs. 
V shows that E approaches Ei, only when p approaches po. 

An isotherm was also determined for water on grapUte NC-1. This is of 
interest because it represents an extreme case of a Type III isotherm, with 
exceedingly low adsorption at low relative pressiures and very large adsorption 
at high relative pressures. For this isotherm we used a 28-g. sample of graphite. 
The amoimt of adsorption was determined gravimetrically, by the same proce- 
dure as used for the ethyl chloride isotherms. Our results for water are shown in 
figure 4, which gives for comparison a water isotherm determined by Harkins, 

* Furnished through the courtesy of Dr. Lester L. Winter, National Carbon Company, 
Cleveland, Ohio. 

* The authors wish to express their appreciation to Professor R. A. Beebe and Miss M. H. 
Policy of Amherst College for determination of the nitrogen isotherm and computation of 
the surface area. Their isotherm is shown in figure 1 . 
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Jura, and Loeser (9) for a different sample of graphite. It will be noted that our 
isotherm shows much less adsorption in the low-pressure region than theirs. We 
do not know to what the difference can be attributed. 

Our isotherms for ethyl chloride on graphite at 0®C. and — 78.5°C. are repro- 
duced in figure 4 so that comparisons may be made of the isotherms of water, 
nitrogen, ethyl chloride, and ammonia on the same adsorbent. B.E.T. plots 
give Fm values of 0.62 cc./g. at — 78°C. and 0.57 cc./g. at 0°C. for ethyl chloride. 
The '‘point JS’' values (8) are slightly higher than the B.E.T. values for F^. 
If the nitrogen area is taken as 4.0 sq. m. per gram, the Fm value of 0.57 cc./g. 



Fig. 1. Isotherms of graphite NC-1. (1) Nitrogen at — 195.3®C. (Beebe and Policy). 
(2) Ammonia at — 78.5°C. (3) Ammonia at ~35,7®C. 

at 0®C. gives an area of 26. 1 sq. A. per molecule for ethyl chloride. This is in good 
agreement with the value of 23.9 which is computed from the molecular volume. 

DISCUSSION 

The ammonia isotherms of figure 1 and ethyl chloride isotherms of figure 4 
show conclusively that for both systems the heats of adsorption are greater than 
the heats of liquefaction, up to the highest relative pressures that can be accu- 
rately measured. A similar conclusion can be drawn from the isotherms of 
Davis, DeWitt, and Emmett (6) for butane on 200-mesh glass spheres at 0°C. 
and — 78®C., shown in figure 6. These isotherms are not carried to as hi^ 
relative pressures as ours, but they clearly show a shift to higher adsorption at 
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lower temperature. These three sets are the only isotherms we know of which 
give data for two temperatures and over a wide pressure rangCf for non-porous 
adsorbents. Since they include two typical Type II isotherms and one Type III, 
we believe it sound to conclude that in general the heat of adsorption is greater 
the heat of liquefaction.* Further, we believe the evidence warrants the 
hypothesis that adsorption occurs only when E > El and that when the film 



Fio. 2. laosteric heats of adsorption. (1) Ethyl chloride on graphite. (2) Amnaonia on 
graphite. (3) Butane on glass spheres. Equation 18 was used to extrapolate in the low- 
pressure region. 

becomes of such thickness that the effect of the substrate vanishes, E = El and 
no further adsorption occurs. This, of course, suggests that adsorption at a 

* Brunauer (2) cites the data of Coolidge for water on charcoal (5) and of Reyerson and 
Cameron (16) for iodine on silica gel as evidence that a Type III isotherm is obtained when 
E < El> We feel that this conclusion is questionable. Coolidge^s data that show increased 
adsorption at increased temperature are for an isotherm for a porous adsorbent. Further, 
there is the possibility of chemisorption at his higher temperatures. The iodine isotherms, 
when replotted on a relative pressure basis, show that the one at 137.6®C. is shifted to the 
l«ft of the ones at 168.3®C. and 178.4®C., a result which indicates that E > El> 
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relative pressure of unity is finite rather than infinite, as is usually assumed. 
A study of all known isotherms for non-porous adsorbents leads us to believe 
that there is a finite limit to adsorption. This point is discussed later. 

Over a considerable range (1-8 cc./g.) the heat of adsorption of ammonia is 
related to the volume by the equation 

E - El = (1) 

but this does not apply in the low-pressure region. There, the heat exceeds the 
value computed by equation 1. 



Fig. 3. Relation between net heat of adsorption and relative pressure. (1) Multilayer 
adsorption of ethyl chloride on graphite. (2) Ammonia on graphite. (3) Multilayer ad- 
sorption of butane on glass spheres. 


The ammonia data i-eveal an exact relation between heat of adsorption and 
relative pressure. It is a linear equation of the form 

E - El =- K{1 - p/pq) = K{po - p)/pq (2) 

where K is the net heat at zero pressure. This relation holds for the entire 
measurable pressure range and can apparently be used to obtain extrapolated 
heat values near relative pressures of 0 and 1, where the isotherms are least 
exact. Figure 3 shows the E — El vs, p/po plot obtained for ammonia. This 
linear relation is our most direct proof of the statement that E approaches El 
when and only when p approaches po« To obtain the experimental relation of 
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equation 2 between heat and relative pressure, we needed an isotherm for the 
mean temperature, since the isosteric heats of adsorption are averages over the 
temperature range covered by the two isotherms. An isotherm for the mean 
temperature (— 57°C.) can be constructed with sufficient accuracy by interpola- 
tion between the ammonia isotherms at — and — 7S.5°C., since these lie 
quite close together. This interpolated isotherm was used to obtain p/po values 
for volumes whose heat values were then determined from figure 2. 



Fio. 4. Application of equation 18 to experimental isotherms. Solid lines computed, 
using constants of table 1. Points experimental.- (1) Freon on zinc oxide at 0°C. (6), 
(2) Ethyl chloride on graphite NC-1 at — 78*0. (this laboratory). (3) Ethyl chloride on 
graphite NC-1 at 0°C. (this laboratory). (4) Water on graphite at 25°C. (9). (5) Water 
on graphite NC-1 at 22.2‘’C. (this laboratory). 

Since all derivations of the B.E.T. equation are based upon the assumption 
that E = El, which is experimentally incorrect, we must conclude that the 
derivations are not strictly rigorous. This is probably the explanation of why 
the equation does not fit at relative pressures greater than about 0.35. At 
the time the equation was derived there were no published isotherms (for non- 
porous adsorbents) that extended to high relative pressures and this deficiency 
was not immediately apparent. As such isotherms have been determined, 
it has become generally recognized that the equation does not fit in the high 
rdative pressure region. 

Another deficiency of the B.E.T. equation is that it does not correctly account 
for a Type III isotherm. True, the general equation reduces to the form 
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r/r. 


V/Vo 

1 - P/Po 


( 3 ) 


when constant C = 1 and a plot of this equation gives a curve of the general 
shape of a Type III isotherm. It is not, however, correct to assume that (7=1 
since this means that E = El^ which is not, according to our anunonia data, 
true. Further, equation 3 does not in general give a good fit to an experimental 
isotherm of Type III, since the equation gives only plots of the function x / (1 — x), 
multiplied by various values for Fm. Finally, according to the B.E.T. 



Fig. 5. Application of equation 18 to experimental isotherms. Solid lines computed, 
using constants of table 1. Points experimental. (1) Water on titanium dioxide at 25®C. 
(10). (2) Ammonia on graphite NC-1 at — 78,5°C. (this laboratory). (3) Ammonia on 
graphite NC4 at --35.7®C. (this laboratory). (4) n-Heptane on ferric oxide at 25®C. (11). 


interpretation, the volume adsorbed at a relative pressure of 0.5 in a Type III 
isotherm is equal to F«. This is not correct; it appears on comparison of the 
ammonia and water isotherms that the amount adsorbed in a Type III isotherm 
is in no way related to the value of Vm- At relative pressure 0.6, the volume of 
ammonia is about 0.86 cc./g. and the volume of water is 0.07 cc./g. Both 
of these cannot represent the volumes to form a monolayer, since the cross- 
section areas of ammonia and water molecules are of the same order of magni- 
tude, as computed from molar volumes. 

One of the tests which has been applied to the B.E.T. equation is to use it to 
compute isotherms for specified temperatures after first determining the constants 
by an experimental isotherm. A good approximation can be obtained in this 
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way, but the procedure is not at all exact for two reasons, first, it is necessary 
to know El, which is usually computed frcun the value of C obtained from a plot 
of the equation. In general, the computed value of Ei does not agree with 
experimental values. Second, it is assumed that beyond the first layer E = 
El- If this were true, a Type III isotherm would be the same for any tempera- 
ture, when plotted on a relative pressure basis. Our data in figure 1 show that 
there is a displacement when the temperature is decreased. In order to be able 
to compute an isotherm accurately one must know E as a function of volume or 



Fio. 6. Application of equation 18 to experimental isotherms for n-butane. Solid lines 
computed, using constants of table 1. Points experimental. (1) Copper at 0®C. (3). (2) 
Zinc oxide at 0°C. (6). (3) Glass spheres at — 78°C. (6). (4) Glass spheres at 0®C. (6). 
(5) Tungsten powder at 0“C. (6). (6) Silver foil at — 78°C. (6). (7) Monel ribbon at 
-78'C. (6). 


relative pressure, so that the exact amount of the shift with temperature can be 
computed by means of the Clausiu8-Clape3T'on equation. 

Numerous attempts have been made to improve the fit of the B.E.T. equation, 
but all are based upon incorrect assumptions regarding the heats of adsorption. 
Consequently none of the proposed modifications gives an equation that fits 
all isotherms. 

On the basis of our experimental heat-volmne and heat-relative pressure 
lelaticms, we believe that the basic model of the B.E.T. equation is incorrect. 
Instead of being essentially of uniform activity we believe that the surface is 
composed of r^ons of varying activity, which we shall designate as active sites. 
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Adsorption may occur at a given site only when the relative pressure attains the 
value which corresponds to the heat of adsorption for that site. A Type II 
isotherm is obtained when a large fraction of the surface has such high activity 
that it may adsorb at low relative pressure, but if only a small fraction of a 
surface will adsorb at low relative pressure, a Type III isotherm is obtained. 

The idea of active sites is not confined to adsorption in the first layer. A site 
of high activity may hold a layer several molecules in thickness before the 
induced polarization from the substrate vanishes and E becomes equal to 
Thus, the heat of adsorption of the layer on a very active site may be greater 
than that of the first layer on a relatively inactive site. In the case of a Type 
III isotherm, the surface may never be covered completely but instead there may 
be islands of multilayer adsorption. 

The slope of an isotherm is a measure of the number of sites that have suffi- 
ciently high heats of adsorption to hold vapor in the given pressure range. 
We believe it to be significant that for a given surface the isotherms of various 
adsorbates have somewhat comparable slopes in the relative pressure range 
of 0.1 to 0.8, regardless of whether the isotherm is Type II or III. This is ob- 
served in numerous examples. It is shown by the isotherms for nitrogen, ethyl 
chloride, and ammonia on graphite. Harkins, Jura, and Loeser (9) find that the 
isotherms for n-heptane and water on a graphite sample have almost identical 
slopes for the entire pressure range, and Jura and Harkins (10) find that the Type 
II isotherms of nitrogen and water on titanium dioxide are almost identical. 

The similarity in slopes of many Type II and Type III isotherms for a given 
surface suggests that after the low-pressure monolayer is formed in a Type II 
isotherm, the subsequent adsorption is determined by the distribution of active 
surface on which multilayer adsorption can occur. Further, the distribution of 
such activity is very much the same as the distribution on the same surface for a 
Type III isotherm. 

We do not imply in the foregoing that heat of adsorption is a function solely 
of the surface; it depends also upon the adsorbate and the temperature. Graph- 
ite NC-1 has high heat of adsorption over the entire surface for the first layer 
of nitrogen at — 196°C. or for ethyl chloride at — 78°C., but only a fraction of the 
surface will hold ammonia or water molecules in the region of low relative 
pressure. 

Change in temperature may cause a marked change in the activity of a 
surface for a given adsorbate. This is shown in the ethyl chloride isotherms of 
figure 4. At 0°C. a much higher pressure is needed to make the first layer es- 
sentially complete than is needed at — 78®C. The iodine isotherms of Reyerson 
and Cameron (15) show that increase in temperature may even cause a Type 
II isotherm to change over into a Type III. This must mean that the fraction 
of highly active surface drops off rapidly as T is increased. 

On the basis of this model we believe it possible to have a Type II isotherm 
without complete coverage of the surface by a monolayer. If, for example, 
only half of the surface atoms have high enough heat of adsorption to hold vapor 
at low pressure, then there might be obtained a Type II isotherm in which 
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represented the amount of adsorbate to cover only half the surface. When 
an isotherm has no sharply defined “point B,” there may be some question 
regarding the identity of the computed Vm with the geometric surface. 

We have developed an isotherm equation based on the model described 
above, which fits over the entire relative pressure range. In this equation we 
have treated the adsorption of the first la3rer separately from that of the multi* 
layer, since the former generally corresponds to adsorption over the entire surface 
and the latter only at active sites. The monolayer adsorption is given by the 
Langmuir equation (12) 


V = 


ax 

1 + bx 


(4) 


and the multilayer adsorption by an equation which fits Type III isotherms: 


(5) 

In these equations x = p/po, and a, b, a, and are experimentally determined 
constants. 

In developing equation 5 we have retained the basic B.E.T. idea of microscopic 
reversibility between the various layers and have used equations developed 
by Langmuir (13) for vapor pressure, evaporation, and condensation of liquids. 
The vapor pressure of a pure liquid is 

Po = (G) 

The rate at which gaseous molecules strike a unit area of surface is 

M = {2tMRTT^'^j) (7) 

If all portions of the surface are capable of holding adsorbate molecules at all 
relative pressures, the rate of condensation is 

U, = dM-S* = d(2vMftJ’)"*"p<So (8) 

where (8 is the condensation efficiency or accommodation coefficient and So 
is the surface area available for condensation. The rate of evaporation is 

U,= T{2irMRy^'-Te-^'“‘‘^^Si (9) 

where E is related to the relative pressure by equation 2 and Si is the surface 
area from which molecules may escape. If the solid involved has a surface 
of low, non-imiform activity toward the gas used, then not all of the gas-surface 
collisions will result in condensation. If one assumes that at a given pressure 
the fraction of the surface having sufficient net heat of adsorption for condensa- 
tion to occur is given by then the rate of condensation will be 

V, = fi{2irMRT)~^*pSoe-^'‘-'“‘^"‘^ (10) 

When p = po, E — El. and if all steric or special surface effects characterized 
by d are ignored (d = 1), the rate of condensation is the same as that for the 
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pure liquid, as expected. At equilibrium U, •= V, and 

= r(2rAfi2)-‘'* (11) 

/3piS, = = poSi (12) 

If the adsorbing surface is divided into areas So, Si, S* ... (as done in the 
B.Ei.T. derivation) to correspond to areas holding 0, 1, 2 . . . layers of adsorbate, 
and if the B.E.T. argument based on the principle of microscopic reversibility 
is followed, there results the general expression: 

/3pS.-i = poS< (13) 

Si = /3(p/po)Si_i = (/Sp/po)*Si_* = . . . (fip/poYSt = j/*’Sd (14) 

The total adsorbing area (not necessarily the geometric surface of the adsorbent) 
is 


tsaeo 

A = E-S, 

t-0 

and the total volume adsorbed is 

(15) 


F = t;o E iS. 

imuO 

(16) 


where Vo is the volume adsorbed per square centimeter if a complete monolayer 
is formed. By combining equations 15 and 16 and making the indicated sum- 
mations, one obtains:® 


V 

Avo 


X iSt ^ iy' So 


_ (1 - yy _ y _ fix 


2 Si So + X) y' So 1 + r" 

i_0 t-l 1 


y 1 — px 


(17) 


Equation 5 is obtained by solving for V : 

y _ Avofix 


ax 


1 — fix 1 — fix 
The complete equation for a Type II isotherm is 


(5) 


V = 


ax , ax 
i -j- 6a: 1 — fix 


(18) 


This equation has been applied to twenty-five isotherms for surfaces that 
appear to be non-porous, giving a uniformly good fit. Constants for the fitted 
isotherms are given in table 1. Figures 4, 5, and 6 show the agreement obtained 
between experimental and computed isotherms. The solid lines are computed, 
using the constants of table 1, and the points are experimental. (For our own 
data, the points are those actually determined and for data of others, the points 

* Dole (7) has developed an equation of this form for sorption by a gel, but his conditions 
do not fit the model that we have assumed. 
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TABLE I 
Isotherm data 


SA8 

ADSORBENT 

T 

a 

h 

a 

fi 

e 

gs 

j 

e 

uth- 

SMCE 

NH, 

Graphite 

NC-1 

Graphite 

NC-1 

•c. 

-78. S 

-35.7 

\ 0 

0 


0.91 

0.70 

0.945 

0.96 



16.6 

17.5 


t 

t 

n-CiHio. ... 

Silver foil 

-78 

0.94 

6.0 

0.15 

0.75 

0.152 

0.134 

0.7 

6.4 

(6) 


Copper metal 

0 

151.8 

145 

1.15 

0.50 

1.000 

1.040 

3.34 


(3) 


Glass 7m 

-78 

0.218 

2.52 

0.012 

0.90 

0.042 

0.062 

0.18 

6.7 

(6) 


Glass, 200 
mesh 

-78 

3.10 

3.20 

0.125 

0.95 

0.442 

0.739 

3.24 

11.6 

(6) 


Glass, 200 
mesh 

0 

1.70 

1.30 

0.10 

0.96 

0.389 

0.739 

3.24 

5.4 

(6) 


Monel metal 

-78 

0.30 

17.0 

0.13 

0.75 

0.081 

0.017 

0.54 

4.1 

(«) 

i 

TiOj, crystal- 
line 

0 

14.4 

7.6 

0.30 

0.98 

1.100 

1.670 

16.7 

25 

(10) 


Tungsten 

powder 

0 

3.7 

15.5 

0.13 

0.95 

0.192 

0.224 

2.82 

26 

(6) 


Zinc oxide 
powder 

0 

15.4 

13.4 

0.40 

0.90 

0.837 

1.070 

5.10 

52 

(6) 

CCI4 

Carbon black 

25 

10.0 

153 

0.04 

0.999 

0.061 

0.065 

* 1 

1 

* 

t 

CiHtCl 

Graphite 

NC-1 

-78 

41.4 

59.0 

0.41 

0.97 

0.615 

0.690 

14.4 

107 

t 


Graphite 

NC-1 

0 

8.3 

11.0 

0.21 

0.985 

0.573 

0.690 

14.7 

16.6 

t 

CHCljF 

Silver foil 

-78 

1.8 

13.0 

0.19 

0.75 

0.170 

0.129 

0.9 

11 

(6) 


Glass, 7m 

-78 

1.29 

18.3 

0.01 

0.90 

0.047 

0.067 

0.17 

106 

(6) 


Glass, 200 
mesh 

-78 

5.0 

7.20 

0.23 

0.90 

0.420 

0.610 

2.91 

1 

20 

t 

(6) 


Monel metal 

-78 

0.6 

17.0 

0.153 

0.75 

0.086 

0.033 

0.64 

6.6 

(6) 


Tungsten 

powder 

0 

3.82 

10.8 

0.11 

0.95 

0.242 

0.324 

2.52 

21 

(0) 


Zinc oxide 
powder 

0 

61.0 

56.0 

0.45 

0.90 

0.929 

1.070 

5.60 

215 

(6) 

. . . 

FeaOt 

25 

7.00 

13.0 

0.25 

0.999 

0.370 

0.500 


56 

(11) 

H,0 

Graphite 

Graphite 
Graphite NC-1 

25 

22.2 

25 

15.8 

0 

0 

32.6 

0.28 

0.07 

0.27 

0.97 

0.999 

0.965 

0.390 

0.470 

9.8 

7.7 

« 

(9) 

t 

(9) 


TiOa, crystal- 
line 

25 

66.0 

11.7 

l.OO 

0.96 

3.450 

5.200 

30.2 

42 

(10) 


• Very large number, of uncertain value, 
t Results obtained in this laboratory. 
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are selected from the author’s smoothed curve.) In almost all the isotherms of 
figures 4, 5, and 6 the computed curve represents the best smooth curve that 
can be drawn for the experimental points. 

Equation 18 does not contain the constant Vm- In fact, if our model is correct 
the term Vm has no meaning as applied to adsorption beyond the first layer, 
since the second layer may never cover the entire surface which is covered by the 
first layer, but rather may cover only the active sites. One can, however, obtain 
from equation 18 a value for Vm, by setting x = I and evaluating the first term. 
The value so computed is shown in table 1 for all the fitted Type II isotherms. 
For comparison the Vm values computed by means of B.E.T. plots are also shown. 
In general, the two y« values agree fairly well and both are in accord with 
estimates based upon visual location of point B. 

It is inherent in the form of equation 18 that the adsorption when p = Pt, 
designated as Fmax., is finite whenever constant /9 is less than imity, as it generally 
is. Values computed for the maximum adsorption of all the fitted isotherms 
are shown in table 1. In general, we believe these computed values to be fairly 
reliable, since they depend chiefly upon the value chosen for It happens that 
the fit of equation 18 to an experimental isotherm is quite sensitive to the value 
of this constant and a change of 0.01 to 0.03 in /3 may alter a curve markedly. 
In those cases where the curve is very steep as p approaches po, and is greater 
than 0.99, there is of course much uncertainty in the computed value of Fm.x., 
since now it depends upon knowing 0 to an accuracy of 0.001. When /S is less 
than 0.99 the computed values agree well with extrapolations of the isotherm to 
p = po- Further, for the isotherms taken at two different temperatures, the 
computed values of yn.xx. for the two temperatures are in good agreement, evai 
thou^ the constants of equation 18 for the two may be quite different. We 
believe therefore that adsorption is finite when p = po. True, more may be 
taken on after this point, just as an infinitesimal increase in pressure will cause 
vapor to condense on a liquid surface, but we think that Vmax. represents the 
amount of adsorption when p just becomes equal to po- 

If we are correct in treating separately the adsorption in the first layer and 
that of other layers, it is then possible to evaluate separately the isosteric heats 
of adsorption in the mono- and multi-layers. This is done by fitting isotherms 
for two temperatures by equation 18, and then using the equations to compute 
relative pressures at the two temperatures which correspond to given volumes 
adsorbed in the mono- or multi-layer. 

We have made such computations for the adsorption of ethyl chloride on graph- 
ite (figure 4) and butane on glass spheres (figure 6). The values so computed 
for heats of adsorption in the first layer are much less than calorimetric heats 
deter min ed by Beebe and associates (1) for somewhat similar systems, in the 
veiy low-pressure region. This we anticipated, for in general the Langmuir 
equation, which is based upon the assumption that the surface is of uniform 
activity, does not fit exactly in the very low pressure region (some isotherms 
can be fitted better by a two-term Langmuir-t 3 q>e equation) . The isosteric heats 
for the multilayer portion we believe to be more reliable, since this portion of the 
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oranputed isotherm is not hi^ly dependent upon the constants chosen for the 
first term and at high relative pressure the adsorption of the first layer con- 
tributes only a small fraction of the total. 

It was found that for the multilayer portions of the ethyl chloride and butane 
isotherms the heats of adsorption are exactly like those for the T 5 T)e III ammonia 
isotherm, or linear with respect to relative pressure. This is shown in the 
plots of figure 3. This linear relation is, we beheve, the best evidence that there 
is a distribution of surface activity which determines the amount adsorbed in 
multilayers and that the same type of distribution applies to both Type II and 
Type III isotherms. This strongly supports the view that monolasrer and multi- 
layer adsorption should be treated separately, as we have done in equation 18. 

SUMMAKY 

Experimental isotherms are given for water, ammonia, and ethyl chloride on 
graphite of nitrogen area 4 sq. m. per gram. Isosteric heats of adsorption are 
computed for ammonia and ethyl chloride. 

It is shown that for all relative pressures the heat of adsorption exceeds the 
heat of liquefaction. The heat of adsorption for all layers beyond the first is a 
linear function of relative pressure: 

E - Ei 

Certain limitations of the B.E.T. equation are discussed. An isotherm equation, 
based upon a new interpretation of multilayer adsorption, is proposed. This 
is applied to twenty-five isotherms for non-porous substances and fits well in all 
cases. 
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Rates of chemical reactions in liquids are most often measured by determining 
changes in a property or the concentration of a sample enclosed in a glass vessel 
and kept in a constant-temperature bath. Ideally, of course, the constituents 
of the sample should be brought separately to the reaction temperature, mixed 
in the vessel in zero time, and the time counted from the instant of mixing. 
Ideally, also, the sample should be well mixed during reaction so as to dissipate 
or acquire any heat necessary to the reaction. Under certain circumstances 
these conditions cannot be attained. The nature of the reaction may prevent, 
for example, the possibility of bringing an essential constituent to the reaction 
temperature before mixing because of decomposition during the preheating. In 
view of this circumstance it would seem desirable to have a theoretical treatment 
of the effect of mixing the constituents at room temperature, pouring the mixture 
into the glass vessel kept in the constant-temperature bath, and counting time 
from this point. The following treatment of this situation is presented with 
the purpose of indicating a method for calculating the results that might be 
expected of a kinetic experiment run under non-isothermal conditions where 
these are due to lag in attaining bath temperature. 

Probably most experimental arrangements provide for stirring the sample, 
although in small vessels this may be difficult and therefore omitted. The ef- 
ficiency of the stirring procedure will profoundly affect the rate of heat transfer 
and is somewhat variable from one experiment to another. To treat the effect 
of stirring efficiency would be quite laborious and probably not very enlightening. 
However, the treatment of the two extreme cases between which the truth must 
lie should be of interest. If we discuss the case of perfect mixing we know that 
the thermal mixing error can be no less than that estimated by such a treatment. 
By treating the case of no mixing we obtain an upper limit to the error. 

The following hypothetical system is set up for the purpose. A completely 
spherical glass shell is assumed as the vessel. The reacting material is assumed 
to be a liquid completely filling the vessel. The vessel is assumed to be in a con- 
stant-temperature bath above room temperature. At time t = 0, the vessel is 
immediately filled with the reacting liquid which is at room temperature. The 
rate of reaction is to be theoretically studied under two conditions: (A) perfect 
mixing and (B) no mixing. In the case of perfect mixing, resistance to the heat 
flow is mainly in the container. For no mixing this resistance is mainly in the 
reaction mixture. 


CASE A: PERFECT MIXING 

Perfect mixing may be arbitrarily defined as existing for the purpose of this 
discussion when heat conducted through the container wall is instantaneously 
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distributed throughout the entire sample. The fact that such perfect mixing 
cannot be attained in practice does not affect the discussion adversely, for in- 
vestigation of this case wiU jrield results that represent the limit approachable 
with better and better mixing. 

The fundamental difference introduced into the reaction kinetics is that the 
equation 

~ = kfix) (1) 


cannot be integrated assuming a constant value of k, the specific velocity con- 
stant. During our supposed experiment k changes because of the temperature 
change from the moment of sample introduction until essentially constant sample 
temperature has been attained. Thus instead of our usual solution to equation 1 
we have 


r ^ 

loAx) 



(2a) 


or 



where equation 2b shows the result for a first-order reaction, f(x) = x. In the 
A^integral, k is given by the Arrhenius equation in which T, the absolute tempera- 
ture of the sample, is determined by the heat-flow conditions. 

The heat-flow problem, although comparatively simple, appears not to have 
been treated before. It involves heat flow through a spherical shell, of which the 
outer surface is at the constant temperature of the bath and the inner surface is 
at the temperature of the contained liquid which is constantly rising. The 
temperature of the liquid at any one instant is uniform throughout the sample. 

The rate of heat flow, in calories per second, in spherical bodies is given by 


d<3 

d/ 


4irr*ic 


dT 

dr 


(3) 


By rearrangement we get 


df Jri 



(4) 


where dQ/dt is considered constant during the integration from the inner sur- 
face of the glass shell to the outer surface. Actually, this is an approximation 
which is more closely approached the smaller the heat capacity of the vessel is in 
proportion to that the contents. The solution of equation 4 is simple. 


y) 

dt Tt — ri 


Thus at any instant of time the rate of heat flow into the vessel and into the 
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liquid is given by equation 5, where n and r 2 are the inner and outer radii of the 
vessel, K is the coefficient of thermal conductivity of the vessel, T 2 is the constant 
bath temperature, and T is the instantaneous temperature of the inner vessel 
wall and of the liquid contents. T is determined by the rate of heat influx and 
the heat capacity of the contents. Thus 

d^ cpv dt 

where c is the specific heat, p is the density, and v is the volume of the contained 
liquid. The desired solution is now easily obtained by introducing equation 5 
into equation 6 and integrating. The result is equation 7 : 


where 


T = Ta - AT exp(-B0 


B = 


3Kr2 _ 
cpr\{r 2 — n) 


( 7 ) 

( 8 ) 


In this derivation, variations in the physical constants themselves are assumed 
negligible. If account of these variations is desired, mean values for the temper- 
ature range involved may be used. 

Equation 7 gives the value of T to be used in the Arrhenius equation for k, 
and the result introduced into equation 2a is expressed in equation 9, 

- r s expl-.l/n - AT exp{-Bt)] dT (9) 

Jxo /(x) Jq 


where s and A arc constants from the Arrhenius equation, A: = s exp(— A/7"). 
For the first-order reaction In (xq/x) may l)e substituted for the left-hand member, 
as was done previously in equation 2b. Integration of equation 9 for various 
upper limits will give the reactant concentration at various times during the 
hypothetical experiment. A treatment of integrals similar to the right-hand 
member of equation 9 has been given (1), but the methods presented are not well 
suited for the purpose desired here. A numerical approximation method based 
upon the trapezoidal formula is much more helpful. First, a list of values of k 
is made for various values of t from 0 to any desired time; in the case given below 
5-sec. intervals were chosen. Then the value of the integral to a chosen time 
tn is given by 

f‘' A- d< = I [fco + 2 2fci + A» j (10) 

The practical advantage of this numerical method is that it lends itself to quick 
computation on an electric calculator because of the additivity of the right- 
hand member of equation 10. Thus it is easy to show that 

ptn+l pU h 

j kdt = kdt + ^n+i) 


(ID 



1132 


WILLIAM S. HORTON 


In these relations hn is the value of the specific velocity constant at U. and h is 
the interval of time chosen in the numerical evaluation. Equation 11 indicates 
that any successive value of the integral can be obtained by adding to the pre- 
vious value the tenn {h/2){kn + A:«+i). 


CASE B: NO MIXING 

Measurements of concentration as a function of time in this case actually are 
measurements of average concentration, since, in contrast to case A, the tempera- 
ture, reaction velocity, and therefore concentration vary with position in the 
vessel. Thus if y is the average concentration, the quantity measured, instan- 
taneously. 





( 12 ) 


where V is the total volume and dv is a small volume element in which the con- 
centration is X. The change in y with time is 


V Jv 


di 


w 


dv 


(13) 


But 


and therefore 



dt 


1 _ 

V 


L 


kx dv = 


—kx 


(14) 


where now k is the specific velocity constant for the temperature which exists in 
the small volume element dv, and kx is the average value of the product of k and 
X over the entire volume at the instant of time under consideration. Note that 
here a first-order reaction has been assumed for simplicity. Modification is possi- 
ble for other orders. 

The observed concentration-time relationship should be given by 


2/ - I/O 



(16) 


In principle this integral could be evaluated by an extension of the method used 
in case A. It would be necessary to divide the volume into small elements. 
Compute the average temperature in each element and the value of k corres- 
ponding to that temperature. Compute the average value of k during the small 
time interval since the last computation, and using this result compute the new 
concentration in the voliune element. Multiply k by x, thus obtaining kx for 
the element. Do this for all elements and determine the average of kx over the 
sample. Having done this for one time, it is then done for the next time, only 
a small interval away. This procedure is obviously laborious, so the following 
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was adopted as an approximation that might yield results not too divergent from 
the more rigorous approximation. It is suggested by considering a case where 
either k or x does not vary too widely over the sample at any instant. In such a 
case, approximately 

kx=^ Tc 2 

Then equation 14 may be modified to 

^ ^ 

y dt X 

and 

A further approximation which simplifies calculation and probably does not intro- 
duce great error is to replace the average value of k by its value at the average 
temperature of the sample. These approximations reduce the problem to one of 
heat flow, i.e., to determination of the transient average temperature. 

The solution to this heat-flow problem is well known (2). 

T — ^ ^ ^ — ~ sin [mirr/c] exp[ — a^m^Tt/c^] -f T 2 (17) 

X \r/ w-i m 

where bjs the original temperature difference, c is the inner radius of the vessel, 
a is '\/ K I cp (k is the coefficient of thermal conduction for the liquid andp is the 
liquid density), and T 2 is the bath temperature. 

The average temperature is seen to be 

7 = E (-,) expl-^m“a + T, (18) 

where p has been substituted for (aVVc“). The integral / kdt may be deter- 
mined in the same manner as the similar one for case A. 

RESULTS 

To illustrate the results obtainable with this procedure, the methods described 
were used, assuming the following values of constants: T 2 = 308. 1°K., AT = 
10.0, B = 0.02303, 5 = W-, A = 4371. This corresponds to using a spherical 
glass shell of about 4-cm. radius and 1-mm. thickness containing a liquid with 
physical constants close to those of water. The value of A corresponds to an 
activation energy of 20 kcal. A first-order reaction was chosen for illustrative 
purposes. 

The numerical results are illustrated in the accompanying graphs and tables. 
Figure 1 shows the value of fc as a function of time. For the case of perfect 
mixing this is the value throughout the sample at any given time. For no mixing 
the k is for the average temperature in the sample at that time. Although the 
curves are not shown, it is interesting to note that the temperature-time curves 
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for the two cases show a relation strikingly similar to that in figure 1 for k. 
Figure 2 shows the ^^observed” ratio of reactant concentration. Here also that 
expected for the ideal case (i.e., no temperature lag) has been shown. It is inter* 
esting to note that the case for perfect mixing starts out as if there were no mix- 
ing but tends later toward the ideal case. Figure 3 shows this also, where the 
logarithm of the concentration ratio has been plotted. This latter plot also 
shows another interesting point. During the latter part of the case of perfect 



Fig. 1. Variation of rate constantjduring the hypothetical experiment. Curve A is for 
perfect mixing; curve B for no mixing. The ideal case, with no temperature lag, would be a 
straight horizontal line, the asymptote of A and B at A; X 10* equal to 6.48 sec."”* 



Fig. 2 Fig. 3 

Fig. 2. “Observed” concentration ratio for a hypothetical first-order reaction. Curves 
A and B are as in figure 1 ; curve C is the ideal case. 

Fig. 3. Characteristic graph for the hypothetical first-order reaction. Curves A, B, and 
C are as in figures 1 and 2. 

mixing it appears as if the slope were the same as the ideal slope, suggesting that 
in such a case ignoring the early part of the reaction and determining k by the 
slope method from the remainder may remove a good deal of the error due to 
temperature lag. The tables give some indication of this. 

In table 1, / is the amount of reaction completed and f/ is the corresponding 
life time. In table 2, ‘‘per cent completion range'' refers to the region over which 
the slope measurement was made in order to determine k. The regions were 
chosen so that with random errors included a reasonable straight line could be 
drawn. 
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Table 1 shows the expected error in a fc determined from experiments in which 
the two types of mixing are used. In this table k is computed from observed 
values of various life times. The errors are quite high, and, as expected, higher 
for case B than case A. Table 2 shows corresponding results when the slope 
method is used. Here we see that for perfect mixing a good reduction in the 


TABLE 1 

Errors in k by life-iime method 


! 

If (XBUE) 

PEHFECT MIXING 

NO MIXING 

h 

Error 


1 Error 


seconds 

seconds 

per cent 

seconds 

! per cent 

1/4 

44.4 

72.7 

39 

104.1 

* 57 

1/3 1 

62.5 

! 93.9 

33 

141.3 

' 56 

1/2 ! 

106.9 

141.7 

25 

226.0 

1 53 

2/3 ! 

169. 

206. 

18 

335. 

1 49 

3/4 1 

214. 

250. 

14 

408 

1 

4/6 

248. 

1 285. 

13 I 

462 

j 46 


TABLE 2 

Errors in k by slope method 



PERFECT MIXING 

NO MIXING 

Per cent completion range 

26-82 

24-83 

k X 10* . 

6.26 

3.73 

Per cent error j 

3.4 1 

42. 

True value: A; X 10* » 6.48 sec.“^ 


TABLE 3 

Results for slower reactions with perfect mixing 


/ 

r - 0.5 X 10» 

r - 1 X 10« 

ff 

Error 

</ 

Error 


seconds 

per cent 

seconds 

per cent 

1/4 

123 

28 

481 

8.3 

1/3 

161 

22 

625 

5.9 

1/2 

250 

14 • 

1069 

3.5 

2/3 

375 

10 

1694 

2.2 

3/4 

464 

8 

2138 

1.7 

4/5 

633 

6 

2482 

1.5 


error has been achieved, although not complete removal. For the other case 
a smaller improvement is noted. The result is still far from satisfactory here. 

Table 3 shows the expected result for errors in k by the life-time method for 
slower reactions with other conditions ^e same. The slower the reaction as 
compared to rate of heat flow, the smaller the error. 
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DISCUSSION 

It appears that certain generalizations may be made from the results of the 
computations described above. Obviously, where conditions do not permit re- 
actants to start at the desired temperature, as efficient a mixing procedure should 
be devised as possible. For without mixing the values of k and any activation 
energies determined from them may be extremely erroneous, even though straight 
lines seem to be obtained in the characteristic graphs. All possible ingenuity 
should be used to increase the rate of heat flow through the vessel, so that tiie 
ratio of reaction rate to heat-flow rate may be made as small as possible. The 
slope method rather than that of fractional life times should be used in order to 
determine the rate constants. Measurement of actual sample temperature, 
rather than trusting to bath temperature, is also advisable. It is not believed 
that the accuracy of the calculations given here warrants using this method as a 
means of correcting experimental results. Rather, it is suggested that much ex- 
perimental caution be used to reduce these errors. 

SUMMARY 

• 

In this article is given a method of computing the concentration of reactant to 
be expected during a kinetic experiment where thermal equilibrium is not in- 
stantly attained. This is done for the two extremes of mixing, with the view that 
any actual case lies between these limits. In view of the results, suggestions are 
offered for reducing the errors in specific velocity constants determined in such 
experiments. 
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INTRODUCTION 

In connection with the complete interpretation of the ultraviolet absorption 
spectra of organic molecules in the vapor state, it is desirable to have accurate 
data on vapor pressures of these compounds in the region of small pressures, i.e., 
0.01 mm. to 1.0 mm. of mercury. Rodebush and Coons (7) have described an 
apparatus which bridged this pressure range. It operated by electromagnetically 
balancing the force exerted by the vapor pressure on a movable plate. Rode- 
bush and Henry (8) measured the vapor pressure of sodium by using such a 
device. Variations of the method have been used by Dietz (3) and by Balson 
(1). The present investigation involves the application of the Rodebush gauge 
to the measurement of the vapor pressure of benzotrifluoride. A description of 
the factors which limit the accuracy and range of the gauge is given. 

APPARATUS 

The Rodebush gauge used in this investigation was a modification described 
by Rodebush and Henry (8). Briefly, the gauge consists of a soft-iron armature 
and a quartz plate hung by a common suspension from a quartz cantilever. 
The vapor under investigation exerts an upward force on the plate by virtue of its 
pressure. 

A solenoid is mounted coaxial to and slightly below the armature. In opera- 
tion a current is passed through the solenoid and is increased until the electro- 
magnetic force downward on the armature balances the upward force of the 
vapor on the plate. The balance is detected by the plate jumping away from 
its initial position. The calibration of the gauge is thus a curve of pressure 
versus the corresponding equilibrium solenoid current. 

The gauge was calibrated against a McLeod gauge, whose calibration is de- 
scribed in some detail in the following paragraphs. The McLeod gauge was 
connected to the vapor enclosure of the Rodebush gauge via a dry ice trap and a 
2-liter bulb. Two stopcocks in series led from the bulb to a supply of dry air at 
atmospheric pressure. When the air between the two stopcocks expanded into 
the 2-liter blub, its pressure decreased to about 0.250 mm. of mercury. A sample 
of air introduced in this way was used to determine three or four additional points 
on the calibration curve at successively lower pressures. 

The order of magnitude of the pumping speed past the plate in closed position 
was measured to be 10~® liter sec.~^ In the time necessary to measure the 

1 This investigation was assisted by the Office of Naval Research under Contract N6ori- 
107, Task Order I, with Duke University and the Duke University Research Council. 



1138 


O. W. SBABS AND B. B. ROPKB 


McLeod pressure and to determine the equilibrium current the pressure decreased 
by only 0.03 per cent. 

The imcompressed volume of air in the McLeod gauge was calibrated by weight 
of distilled water. This value was found to be 218.17 d: 0.02 cm.* The com- 
pressed volume of gas in the gauge was calibrated by weight of mercuiy, and was 
found to be 0.2101 ± 0.0004 cm.* The compression ratio was thus 1,038 d= 2. 
Temperature corrections were applied to the densities of water and mercury. 
A correction was made for the voliune of the mercury meniscus. The change 
. of volume of the Pso-ex bulb with temperature was found to be negligible. 

The pressure difference between the two arms of the McLeod gauge was mea- 
sured with a Gaertner Student Type Cathetometer to an .accuracy of 0.1 mm. 
The measured pressures were corrected to millimeters of mercury at 0°C., and 
an acceleration of gravity of 980.665 cm. sec."* The acceleration of gravity in 
Durham was calculated by Helmert’s equation to be 979.77 cm. sec.“* The 
difference in capillary depression iq the two arms caused by a measured variation 
in capillary diameter of 1 per cent was calculated to be less than 0.01 mm. It was 
found that the mercury columns were slow to assume their final positions, because 
of their capillary interaction with the glass. The effect became important with 
small capillaries and slight pressure differences. In this experiment, using a 
2-mm. capillary, the error from this effect was found to be about 0.2 mm. imder 
the most unfavorable conditions. 

The air in the McLeod gauge was assumed to obey the perfect gas law. From 
the data of Holbom and Otto (5) this was calculated to introduce an error of less 
than 0.01 per cent. The error caused by adsorption of gas on the capillary walls 
during compression was given an upper limit from the data of Moles and Crespi 
(6). The maximum error was placed at 0.2 mm. No correction was applied, 
since according to Hartley, Henry, and Whytlaw-G raves (4) the desorption 
process is very slow at room temperature. The calculated absolute error in the 
McLeod gauge pressure measurements ranged from 0.4 per cent at 250 microns 
to 0.8 per cent at 80 microns pressure. 

A calibration curve of solenoid current vs. pressure is shown in figure 1. The 
curve is somewhat concave as seen from the pressure axis. The individual 
points on the curve were reproducible to within an average error of 1.0 per cent 
calculated as error in pressure. The maximum observed error was 2.5 per cent. 
The average error tended to increase at high pressurefs. 

As has been previously stated, each point on the calibration curve represents 
a balancing of electromagnetic and pressure forces. Since the quartz cantilever 
arm is almost perfectly elastic, the upward force exerted by it on the plate in 
closed position was considered constant. The variation in weight of the plate 
and armature caused by pressure variation in the vessel was less than 0.01 per 
cent. The force exerted upwards on the plate by the pressure was known to 
within 0.4-0.8 per cent, dependent on the pressure region. Since the maximum 
error (rf 2.5 per cent was observed on the calibration curve of the Rodebush gauge, 
a part' of this error was presumed to stem from the irreproducibility of the mag- 
netic force on the iron armature as a function of solenoid current. 
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The force on an armature placed in a solenoid depends on the magnetic field of 
the solenoid, on the magnetic permeability of the armature, and on their relative 
positions. The magnetic field for a given solenoid is a function only of the cur- 
rent. The permeability is dependent not only on the field, and hence the solenoid 
current, but also on its own past magnetic history. Since the relative positions 
of the solenoid and armature were quite well defined, it seemed reasonable to 
assume that hysteresis of the iron armature was responsible for the observed 
error in the calibration curve. 

Two experimental facts supported this surmise. First, the deviations of ex- 
perimental points from the calibration curve increased with increasing pressure. 



Fia. 1. Calibration curve of solenoid current vs, pressure 

This is in contradiction to the observation that the pops were more sharply de- 
fined at high than at low pressures. The increase of deviations with pressure 
could be correlated with the increase of hysteresis with magnetic field. Secondly, 
when the Armco soft-iron armature was replaced by an iron sample with a much 
larger hysteresis loop, the calibration curve was much less reproducible. 

Another factor which had a significant effect on the reproducibility of the cali- 
bration curve was the rate at which the solenoid current approached the equilib- 
rium value. It was found that the reproducibility of the calibration curve 
improved with a decrease of dl/dL Below approximately 20 milliamp. min.'^S 
no further improvement was noted. 

The sensitivity of the gauge is represented by the slope of the calibration curv^ 
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in milliamperes per micron. The sensitivity can be increased by decreasing the 
number of turns in the solenoid, by increasing the axial distance from the solenoid 
to the armature, and by increasing the cover plate area. 

The upper limit of usefulness of a given Rodebush gauge is set by one of two 
factors: First, a gauge can not be used above a pressure which exerts a force up- 
wards on the cover plate equal to, or greater than, the force of gravity acting 
downward on the plate. The pop distance increases with increasing pressure. 
This limits the pressure to below that at which the jump of the plate would dam- 
age the gauge. 

Satisfactory operation is dependent upon the pop distance exceeding some 
minimum value. The lower limit of the Rodebush gauge is thus dependent on 
two factors, — the cover plate area, and the stiffness of the quartz cantilever. 
For low pressures the plate area should be large, and the cantilever weak. 

MEASUREMENTS AND RESULTS 

The calibrated gauge was then applied to the measurement of the vapor pres- 
sure of benzotrifluoride. The substance was of interest because Saylor and 
Field (9) of the Chemistry Department had just completed measurements in the 
region 10-760 mm. of mercury, and also because a spectroscopic investigation of 
the substance in this laboratory made it desirable to supplement the data of 
Saylor and Field (9) and of Booth, Elsey, and Burchfield (2). 

A pure sample of benzotrifluoride, which was obtained through the courtesy of 
the Chemistry Department, was used in this and the spectroscopic investigation. 

A wide-mouthed pint Dewar flask, partially filled with acetone, served as a 
temperature bath. The acetone was cooled to — 50°C. with fragments of dry 
ice, and the bath temperature was allowed to rise to — 40®C. over a period of 90 
min . The bath was stirred by hand. The temperature was measured to within 
0.1°C. by an alcohol-in-glass thermometer, which had been calibrated against 
a Heraeus 25-ohm calibrated platinum resistance thermometer, using a Leeds 
and Northrup No. 4725 Wheatstone bridge. Since the temperature rose 0.1°C. 
per minute, and the bath temperature was read within 10 sec. after a pressure 
measurement, the error involved was negligible. A rough calculation indicated 
that the time lag between bath and sample temperatures was less than 10 sec. 
under the conditions of this experiment, which also introduced negligible error. 

One milliliter of sample was sealed into the vapor enclosure. The apparatus 
was then evacuated to a pressure of 10~* mm. of mercury with the sample cooled 
by dry ice. The benzotrifluoride was melted with the vapor enclosure closed, 
and was refrozen with dry ice. The evolved gases were pumped out, and the 
process was repeated four or five times. It was also necessary to pump on the 
sample at diy ice temperatures for 4 days to remove a small amount of volatile 
impurity without simultaneously removing the sample. 

The pressure measurements on an outgassed sample were carried on over a 
4-day period. About 15 per cent of the sample was evaporated during the meas- 
luements. No shift of the vapor-pressure data was observed over this period. 

It should be noted that a small amount of a volatile organic impurity mig^t 
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change the order of magnitude of results at 0.1 mm. of mercury and be undetect- 
able at 60 mm. of mercury. 

The curve of log P V8. \/T for the vapor pressure of benzotrifluoride is shown 
in figure 2. Fifty points from two separate experiments are plotted on the 
graph. The data were treated by the method of least squares to give the equa- 
tion 


LogP = ~2839.5/r •+• 11.616 



where P is given in millimeters of mercury and T is the absolute temperature. 
The ice point was taken as 273.2°K, A plot of equation 1 is shown in figure 2. 

The maximum per cent deviation of an experimental pressure from the corre- 
sponding least squares value was 5.2 per cent. The maximum error estimated 
from the McLeod gauge calibration, the Rodebush gauge calibration, and the 
V temperature imcertainty was 4.8 per cent. The average per cent deviation of 
^experimental from least squares values was 1.5 per cent. 

^ At the melting point the vapor pressures of the solid and liquid phase are equal. 
Hence, Saylor and Field’s data on liquid benzotrifluoride were extrapolated 
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uownward, and the present data on sol\^ benzotrifluoride were extrapdated 
upward to the melting point (— 29.3®C.). corresponding values were 
(Saylor) 1.01 mm. and (this paper) 0.94 nun. of mercury. This is satisfactory 
agreement, considering the errors of the two^fleterminations and the uncertainty 
involved in the extrapolation. 

The heat of vaporization of solid benzotrifluoride was calculate from the 
vapor pressure (equation 1) to be 12,990 cal. mole.“‘ A corresponding calcula- 
tion on Saylor and Field’s (9) data gave 10,460 cal. mole~^ as the heat of vapor- 
ization of liquid benzotrifluoride at its melting point. The heat of fusion was 
thius found to be 2520 cal. mole.~^ The entropy of fusion was 10.3 e.tt. 

SUMMARY 

1. Some salient factors limiting the operation of the Rodebush manometa: 
were discussed. 

2. The vapor pressure of solid benzotrifluoride was measured over the flange 
— Sl^C. to — 40'’C. The vapor-pressure equation was calculated by the method 
of least squares. 

3. In conjimction with the data of Saylor and Field (9) the heats of vaporiza- 
tion of solid and liquid benzotrifluoride, and the heat of fusion were calculated 
at the melting point. 

The authors wish to express their appreciation to Dr. Hertha Sponer for her 
advice and interest. 
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Interest in the addition of a potassium silicate to liquid soap products to in- 
fluence viscosity and to provide increased detergency at lower cost stimulated 
this study of the solubilities of potassium laurate in aqueous potassium silicate 
solutions. The particular potassium silicate used had a silica-to-potassium oxide 
ratio by weight of 2.04, corresponding to the molecular formula K 2 O -3.218102. 
Potassium laurate concentrations to 56 per cent, potassium silicate concentra- 
tions to 34 per cent, and t^emperatures to 180°C. were studied. The binary system, 
potassium laurate-water, has been partially investigated in a phase study by 
McBain and Field (2). No phase study of the system K20--Si02~H20 at con- 
centrations and temperatures of interest in this work has appeared, although 
Morey (4) has studied the system K 2 Si 03 -Si 0 i-H 20 at temperatures from 200° 
to 1000°C. Ternary aqueous systems with potassium chloride have been re- 
ported for both potassium laurate (2) and potassium oleate (1) by McBain and 
collaborators. 


EXPERIMENTAL 

The potassium laurate was made from a sample of Eastman ^s best quality 
lauric acid, whicdi had been rccrystallized from acetone to give a melting point 
of 43.9°C. and an equivalent weight by titration with sodium hydroxide agree- 
ing with the theoretical (200.3) within experimental error. The soap was pre- 
pared from an alcoholic solution of the acid by neutralization to a phenolphtha- 
lein endpoint with potassium ethylate. It was dried to constant weight at 105°C. 

The potassium silicate was identical with that used in a previous publication 
for which a complete analysis was given (3). It was a product of the Philadel- 
phia Quartz Company used in this work as an aqueous solution containing 12.7 
per cent K 2 O and 25.99 per cent Si02. The water was freshly distilled. 

The synthetic method was used in obtaining all data. Soap-potassium sili- 
cate-water systems of known composition in 13 x 50 mm. sealed glass tubes 
were heated until they became homogeneous and isotropic. The tubes were 
then cooled very slowly and the temperature, T,, observed at which a birefringent 
phase first appeared. The values were determined with calibrated ther- 
mometers and are precise and reproducible to ±2°C. 

For all data reported in this paper the phase separating when the solution is 
cooled is liquid crystalline. Experience has shown that supercooling does not 
occur in these cases when the system is agitated and cooled slowiy (e.g., 1 , 2, 3), 
although it often may when the phase separating is crystalline. The data, there- 
fore, represent equilibrium solubility determinations, since the same values within 
±2°C. are obtained from supersaturation and undersaturation. Since the liquid 
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crystalline {drase studied in this work was rather difficult to dissolve to its equi- 
librium solubility from undersaturation, most the determinations were made 
only from supersaturation. 


RESULTS AND DISCUSSION 

The data are given in table 1 and illustrated in figure 1. The curves show the 
progressive decreases in solubility of potassium laurate in increasing concentra- 
tions of potassium silicate solutions at 0®, 60®, 100®, 150®, and 175®C. They were 

TABLE 1 


Ti values for potassium laurate-^. 04 weight ratio potassium silicate-water systems 


POTASSIUK 

LAUKATE 

1 

2.04 KATIO 
poTAsnmi 
SaXCATE 

r / 

POTASSIUM 

LAUBATE 

2.04 XAno 
POTASSXUM 
SILICATE 


p$r etfU 

per cent 

• c . 

per cent 

per cerU 

• c . 

33.4 

0 

<0 

27.6 

8.15 

<0 

36.1 

0 

79 

33.1 

7.50 

104 

37.5 

0 

no 

32.6 

11.0 

134 

40.0 

0 

139 

21.3 

18.1 

<0 

42.0 

0 

154 

50.0 

4.91 

178 

46.7 

0 

176 

52.5 

3.25 

177 

52.3 

0 

182 

45.5 

2.98 

176 

55.7 

0 

175 

32.0 

20.7 

171 

40.0 

10.2 

175 

34.4 

3.36 

81 

33.9 

25.6 

>180 

34.3 

1.46 

46 

39.8 

3.24 

150 

31.3 

5.12 

51 

40.0 

10.9 1 

176 

26.0 

12.1 

<0 

39.9 

17.7 ! 

>180 

26.4 

28.5 

>175 

34.8 

4.01 ' 

98 

15.3 

32.8 

<20 >0 

34.5 

11.0 1 

148 

16.1 

28.6 

<0 

29.8 

10.6 

67 

22.3 

1 20.6 

<20 >0 

28.0 

14.4 

94 

24.7 

! 28.5 

165 

40.0 

5.10 

158 

29.6 

18.7 

138 

35.5 

7.80 

137 

17.3 

32.0 

75 

32.6 

3.20 

<0 





* Tubes marked <0 remained isotropic after contact with melting ice for more than a 
week. Their composition was sufficiently close to a phase boundary to be of assistance in 
locating it. 


obtained by linear interpolation between the 2’,- values, or solution temperatures 
for systems of known composition. Solutions of known compositions which 
remained isotropic at 0°C. were used to determine the 0°C. isotherm. The 
Ti values for the binary soap-water system are in excellent agreement with those 
of McBain and Field (2). 

The equilibrium solid phase for all Ti values in table 1 is apparently the liquid 
crystalline phase middle soap shown in the binary system (2), since the data 
show no indication of a discontinuity or “break” in the solubility curve indica- 
tive oi a different equilibrium solid phase. The birefringence of the separating 
phase at different electrolyte concentrations does not vary as much as would be 
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expected if some neat soap were formed. This is in contrast to the correspond- 
ing system with potassium chloride, where on the addition of salt a definite 
“break” in the solubility curve occurs owing to the appearance of the new equi- 
librium phase, neat soap (2). 



WEIGHT PER CENT POTASSIUM SILICATE 


Fig. 1. Solubility curves for potassium laurate in potassium silicate (K20-3.21Si02) 
soIutionshavinganSiOj/KjOratioby weight of 2.04 at 0®, 50°, 100°, 150®, and 175®C. Bound- 
aries outline limits of isotropic solution field at these temperatures. Isotherms (curves) 
obtained by linear interpolation of various solution temperatures (circles) of systems of 
known composition. 

The upper dotted line represents compositions which dissolve at 150®C. At 
just slightly higher concentrations the solution temperature is less. At still 
greater concentrations, the liquid crystalline phase neat soap is formed (2) and 
the solution temperature is again increased. No separation into two immiscible 
isotropic phases such as occurs in the system with potassium chloride was ob- 
served with potassium silicate. However, this may occur at higher silicate con- 
centrations. 

TTie practical importance of this work is the demonstration that a liquid soap 
containing 33 per cent soap corresponding to potassium laurate can be mixed in 
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all proportions with a commercial potassium silicate containing 38.7 per cent 
solids with a silica-to-alkali ratio by weight of 2.04. 

SUMMARY 

A solubility study of the system potassium laurate-potassium silicate (with a 
molal ratio of silica to alkali of 3.2)-water has included soap concentrations to 
56 per cent, silicate concentrations to 34 per cent, and temperatures to ISO^C. 

RKFERKN(>:S 

(1 ) McBain, j. W., and Elford, W. J.: J. Chem. Soc. 1926 , 421. 

(2) McBain, J. W., and Field, M. C.: J. Phys. Chem. 30 . 1545 (1926). 

(3) Merrill, R. C.: Ind. Eng. Chem. 39 , 168 (1947). 

(4) Morey, G. W. : J. Am. Chem. Soc. 39 , 1173 (1917) ; c/. W. Pukall: Ber. 49 . 397 (1916) . 
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Eyring and Steam (3) have applied the theory of absolute reaction rates to the 
denaturation of several proteins, from which it was possible to draw certain con- 
clusions regarding the mechanism of this general type of reaction. We thought 
it of interest to apply the absolute reaction rate theory to the denaturation of 
tobacco mosaic virus, the kinetics of which have been studied experimentally 
by Lauffer and Price (6). 

The equation for absolute reaction rates is (2) : 

fc' - K (1) 

h 

Here k' is the specific reaction velocity constant in reciprocal seconds. The 
transmission coefficient, k, is taken as unity; k is Boltzmann’s constant, h is 
Planck’s constant, T is the absolute temperature, and AP* is the free energy of 
activation. 
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From AF* calculated from equation 1 and the relations 


and 


2.303h: 



AF^ = - TAS^ 

the heats and entropies of activation are calculated. 


( 2 ) 

(3) 



Sufficient rate data for analj^sis are given by Lauffer and Price for two sets of 
conditions, precipitation being used as the criterion of denaturation. These 
conditions are (1) pH 7.05 and a dilution of 1:1, and (£) pll 7.05 and a dilution 
of 1:2. For a third set of conditions, pH G.l and a dilution of 1:1, three data 
are given but arc inadequate for reliable calculations. 

From equation 1, AF^ for each condition given by I^iuffer and Price in Table 1 
of their paper is calculat/cd. The values for the two dilutions at pH 7.05 arc 
plotted against temperature in figure 1. The energies of activation, AH^, for the 
two sets of conditions are obtained by multiplying the slope of the lines of figure 
2 by 2.303/2. 

As pointed out by Eyring and Steam (3) for other protein denaturation 
reactions, with the exception of denaturation by urea, AF^ for tobacco mosaic 
virus decreases slowly with increasing temperature. There are two AH^ values, 
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146,000 cal. for the 1:1 dilution and 160,000 cal. for the 1:2 diluticm. From 
equation 3 and the calculated values of and the entropies of activation, 



Fig. 2, Plot of the calculated value for the determination of activation energies by 
equation 2. 



Fig. 3. Activation energy values as calculated from equation 3 


are calculated for all temperatures at each of the two sets of conditions. 
TAS^ and are plotted against temperature in figures 3 and 4, respectively. 
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Again, as pointed out by Eyring and Steam for other protein denaturation 
reactions, TAS^ for tobacco mosaic virus increases with temperature, while 
AS^ decreases with temperature, as seen in figure 4. 

Eyring and Steam suggested that the increase of TAS^ might be due to the 
temperature factor, and this is borne out for tobacco mosaic vims. 

DISCUSSION 

The above calculations and results for the three thermodynamic quantities 
in the denaturation reaction of tobacco mosaic virus give rise to certain interest- 
ing conclusions relative to possible molecular stmcture and reaction mechanism. 



Fig. 4. 7’AiS^ as calculated from equation 3 versnft temperature 


The values of AH^ and as calculated from absolute reaction rate analysis 
provide for an interpretation of the increasing rate of reaction with dilution. 
The general symmetrically rod-shaped structure of tobacco mosaic vims with 
its active side chains suggests the possibility of molecular association. Such 
an association is suggested by Laufier (5) to interpret the slower-moving sedi- 
mentation boundary in the ultracentrifuge. This view is also supported by 
electron-microscopic studies (1), where the micrographs show^ a considerable 
number of molecules in close contact. 

At the higher dilution, 1 :2, where presumably less association oc(‘urs, the heat 
of activation is 4000 cal. less than at a lower dilution of 1:1, i.e., a higher con- 
centration. It is also noticed from the entropy curve that there is a correspond- 
ing change in entropy where the AS^ values for the more concentrated solution 
are consistently higher than those for the more dilute solution. It is, therefore, 
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indicated that the denaturation in the more concentrated solutions involves 
simultaneous unfolding and dissociation of the associated molecules where part 
of the heat of activation is involved in the latter process. 

The heat of activation for the denaturation of tobacco mosaic virus is 150,000 
cal. at pH 7.05 and at a dilution of 1:1. Following the general procedure of 
assigning 5000 cal. for the rupture of a hydrogen bond,' this would indicate that 
thirty bonds are broken during the denaturation step. This number of broken 
bonds is identical with the value obtained by Mirsky and Pauling (7) for the 
denaturation of trypsin. However, when we consider that the molecular 
weight of tobacco mosaic virus is 42,000,000, as compared to 36,500 for trypsin, 
the rupture of thirty hydrogen bonds in the large molecule is quite small in view 
of its size. In the calculation, it is to be mentioned that the hydrogen bonds 
broken upon the dissociation of associated molecules have been neglected. This 
factor appears to be small because of the relatively few associated molecules and 
has little effect upon the conclusion drawn. 

In order to obtain a more fundamental picture of the effect caused by the 
rupture of thirty hydrogen bonds in tobacco mosaic virus, it appears logical 
to calculate the total number of hydrogen bonds in the virus. It is, of course, 
obvious that the result obtained from this calculation will depend upon the 
particular configuration assumed, but it is a simple matter to calculate the 
maximum and minimum number of hydrogen bonds from x-ray data. 

The tobacco mosaic virus molecule is rod-shaped with the dimensions of the 
rod as 2800 A. long and 150 A. in diameter (1). Assuming average spacings 
of the protein (9) which agree fairly well with Wyckoff (11), the side-chain spac- 
ing is 10.5 A. while the backbone spacing is 4.5 A. and the repetition of the 
peptide group along the backbone is 3.5 A. There will be two types of hydrogen 
bonds contributing to the total — namely, backbone-to-backbone bonds — as 
represented below 


H 
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I I I II 
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I II I II 
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and the side-chain hydrogen bonds from the amino carboxylic side chains. In 
the most symmetrically folded structure for tobacco mosaic virus, the hydrogen 
bonds in the backbone-to-backbone interaction are predominant. A calculation 

i The value of 5000 cal . neglects the energy contribution of the solvent and hence is not 
exact. However, the value does not prejudice the principle of the argument for the theory 
of the denaturation process. 
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shows 333,000 as the maximum number possible. The contribution from side- 
chain interaction is 58,000, assuming a cross bond at every 20 A. This gives 
391,000 as the approximate possible number of hydrogen bonds in tobacco mosaic 
virus, using the most symmetrical structure. The minimum number of hydrogen 
bonds is calculated by assuming that it would be necessary to have one hydrogen 
bond per fold; hence this number is 416. This figure is physically impossible for 
stability reasons alone and in addition is not likely on a structural basis of the 
molecule. 

It seems reasonable to assume, then, that while the number of hydrogen 

bonds may not be the maximum figure of 391,000 for the most symmetrical 

structure, it is, nevertheless, a large number and must be well over 10,000. 
The rupture of thirty bonds, randomly distributed in 10,000, in the denaturation 
process is quite small for the profound physical eflccts observed. 

For the theoretical analysis of protein denaturation, Neurath and his co- 
workers (8) suggest the method of Steinhardt (10) and La Mer (4) as giving more 
significant results in comparison to the medhod of Eyring. This is based on the 
fact that the former method corrects for that portion of the energy of activation 
which is consumed in the ionization of the protein. The mechanism of denatura- 
tion is (considered as a two-step process. 

Po Pn (4) 

Pn Pi (5) 

Here Po is the initial protein molecule, Pn is the molecule after an n-fold ioniza- 
tion, and PI is the activated ionized complex. Thus, the true heat of activation 
is the energy of activation involved in equation 5, while the experimental value 
is the sum of the energies of equations 4 and 5. 

The thermal denaturation of tobacco mosaic virus varies inversely as the third 
power of the hydrogen-ion concentration (G). The pH dependence (can be as- 
cribed to the dissociation of a proton from each of three primary amino groups 
of the initial molecule, leading to an increase of three in the net charge. Since 
a value of 9000 cal. is required in the ionization of a proton, a total AH of 27,000 
cal. is represented by reaction 4. The experimentally observed energy of activa- 
tion is 152,000 cal. (6), which upon correction for the heat of dissociation is 
reduced to a value of 125,000 cal. 

The corrected value for the energy of activation leads to the conclusion that 
a total of twenty-five bonds are broken instead of the previously calculated 
thirty. This corrected value certainly does not improve the difficulty already 
pointed out, i.e., that there are an insufficient number of bonds broken in the 
activation process to account for the profound physical changes that take place. 
It serves to indicate the inadequacy of our present theories of protein denatura- 
tion. 

It is possible to reconcile the paradox, however, if we assume that the initial 
step in the denaturation process is the first of a scries of chain reactions which 
lead to the denatured state. The chain mechanism is illustrated below. 
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a—*b Mil 
b c AHI 


x—*y /!Jli 
y —* z AHy 

where a —* b is the first step in the denaturation process involving the simul- 
taneous breaking of twenty-five to thirty bonds consuming a large heat of 
activation, AHl. The succeeding reactions, b c to y — » «, are successive and 
essentially spontaneous, involving the breaking of single bonds with small 
values (ca. 5000 cal.)- The final reaction, y z, produces the predpitable 
molecule, the criterion of denaturation and the measurement of which is the 
basis for energy calculation. The energy absorbed in the fast reactions would 
not show up in the kinetic calculations, since the o — > b reaction is the determining 
step. 

If we consider a symmetrical virus molecule composed of orderly polypeptide 
chains, it is clear that a sufficient number of bonds must be broken before the 
freed ends are sufficiently separated so that re-formation is not more probable 
than further opening of the folded structure. The denaturation mechanism is 
analogous to the tearing of an oriented film, e.g., cellophane. If the direction of 
tear is in the direction of orientation, it is found that considerable force is needed 
to initiate the tear, but once the tear is started the film parts readily along a 
straight line. In this process, like the denaturation of a protein molecule, the 
initial step required the simultaneous mpture of many hydrogen bonds, but 
further separation was done easily bj'^ shearing one bond at a time. 

This denaturation mechanism, then, gives a new interpretation for several 
facts. First, the number of bonds broken in the denaturation of a tobacco 
mosaic virus molecule must be much larger than indicated by kinetic calculation. 
The number indicated by the calculation, i.e., twenty-five bonds, is required 
to initiate the intramolecular process. These and only these show up in the 
calculations. Additional bonds are broken but the rapidity of their breaking 
precludes observation. 

The profound physical changes, e.g., solubility, molecular shape, reactivity, 
and biological activity, which we feel must involve a number of bonds much 
greater than twenty-five can be accounted for by the intramolecular mechanism. 

In the presence of certain denaturation catalysts such as acids, alkali, urea, 
etc., the heat of activation is lowered. This is consistent with the proposed 
intramolecular mechanism if we visualize the catalysts as assisting the initial 
simidtaneous rupturing of bonds. 


SUMMARY 

From the absolute reaction rate theory applied to rate data of the denaturation 
of tob^co mosaic virus, the free energies, entropies, and heats of activation were 
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calculated. From the entropies, an explanation of the different rates at different 
dilutions is proposed. A chain mechanism of the denaturation of virus and other 
proteins is proposed which qualitatively accounts for much of the experimental 
data. 
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The mathematical solution of the adsorption of solutes from liquids and gases 
on solids in beds is complicated to the extent that of the many mechanisms which 
can be imagined, all have some basis in physical fact. The mathematical com- 
plications have their origins in our inability to cope with the non-linear partial 
differential equations which arise. Certain problems have been solved com- 
pletely, while others in which more complex mechanisms are assumed have been 
solved only partially, by either linearizing approximations or numerical methods. 
Two recent review articles by Thiele (5) and Klotz (3) cover the literature care- 
fully. It is the purpose of this note to supply a complete mathematical solution 
of one particular problem, i.e., that in which the adsorption occurs irreversibly 
at a local rate of removal described by equation 2 below. 

If we assume that we have a bed of unit cross section where depths are measured 
as z, and if 

c = concentration in moles per unit volume of adsorbate in the fluid stream, 
n » amount of adsorbate on bed in moles per unit volume of bed, 

V «= velocity of fluid through the interstices of the bed in length per second. 
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a = fractionsl void volume of the bed, and 
t — time in seconds, 

then on making a material balance over an elemental thickness of bed, we obtain 
the equation (see Klotz (3)): 


V — A- — — = 

dz^ at ^ a at 


( 1 ) 


If the solute is adsorbed irreversibly, Bohart and Adams (1) and later Hinshel- 
wood (2) assumed that the local rate of removal is governed by 

“ It “ fe;(A’o - ft) (2) 

a at 

where No is the saturation capacity of a unit volume of bed. To equations 1 
and 2 we must append certain auxiliary conditions. The first states that until 
the fluid has traversed a distance z in the bed, the bed at point z must contain the 
amount of adsorbate it had before adsorption began, i.e., 


n{z, t) = no( 2 ), when i ^ ^ 0 (3) 

If a fresh bed of adsorbent were present at the beginning, then no{z) = 0. The 
second condition states that at the bed entrance the concentration of adsorbate 
in the fluid may vary with time, i.e., 

c{z, t) = Co(t), when z - 0 (4) 

In order to obtain a solution of the problem two functions, n(^, t) and c{z, i), 
must be found which will satisfy equations 1, 2, 3, and 4. Partial solutions have 
been obtained by the previously mentioned writers (1,2). 

In order to facilitate the solution we make the following changes of variable. 
Let 

m = ATo — n 
X = z/V 
y ^ a{l — z/V) 

then equations 3, 2, 3, and 4 become 


dm _ Q 

dy dx 

(5) 

am , 

- = —kem 
dy 

(6) 

y) = Nd — fti(x), when y — 0 

(7) 

cix, y) = ci{y), when x = 0 

(8) 



MATHEMATICS OF ADSORPTION IN BEDS 


1155 


where ni{x) = no(Vx), ci(y) = c^^iy/a). Note that equation 5 says 

dm _ dc 
dy dx 

which implies that there exists a function /(x, y) such that 

df = mdx + cdy 


and 


dx 


= m, 



Substituting in equation 6 we obtain 


ay 

dx dy 


dx dy 


(9) 


( 10 ) 


which is a non-linear hyperbolic partial differential equation. In order to find 
solutions of this equation we make the substitution used by Thomas (6) : 


Equation 10 becomes 


and equations 9 become 


fix, y) = j log ipix, y) 


dr<f> 

dy 


ni 


1 a log ^ 

k dx 


( 11 ) 


1 a log 0 
k dy 

From these two equations, it is seen that the auxiliary conditions 7 and 8 are 

AT. _ „.(ri . 

k dx 

^ 1 d log 0(0, y) 

— % — 

Note that these are ordinary differential equations which can be integi-ated to 

log 0(x, 0) = f k[Ni) — ai(f)] d{ + Ci 
Jo 

log 0(0, y) = [ kciiy) dtj + Ci 
Jo 

Since an arbitrary constant added to log 0 is immaterial, we can define ^(0, 0) 
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1 BO that 


4>(x, 0) =* exp fctATo — ni({)] d{ 

^^0, y) - exp fcci(ij) dij 


Now the general solution of equation 11 is 

V) = Six) + flf(y) 

where fix) and gisj) are arbitrary functions. Therefore 

0) = fix) + p(0) 

<^(0, y) = /(O) + gis)) 

but since /(O) + p(0) = 1, 

•t>ix, y) = 4>ix ,0) H- 4>(0, y) - I 
So, from equations 12 and 13 

<^(®. y) = exp — ni({)l d{ + exp kciiii) d)j — 1 

Therefore 


c = 


ciiy) exp f kciiv) di? 
Jo 


m = 


exp f fcliVo - ni({)] d{ + exp f fccj(ij) di; - 1 
Jo Jo 

[No - ni(a:)] exp f fclNo - ni(f)] df 

J Q 

exp f fc[No — ni({)l d{ + exp f kciiif) di; — 1 
Jo Jo 


Jo Jo 

Changing back to the original variables, there results: 


ciz, t) 

Co(< — z/V) exp 

ka 1 Co(rj) di; 

•'0 


exp j 

-I’lNo-nomdij 

+ exp ka j 

' coiv) di; 

» J 

-1 


( 12 ) 

(13) 


niz, t) 

= No- 


[No — no(z)] exp 

f-i 

IvJi 

^‘[No- 

D 

■ n<.({)l di 

exp 

[k 1 

.fJ 

[*[No - no(f)] di j 

+ exp 

lfc,J 

p«-WV -1 

Co(i;) di; J — 1 


, (14) 


, < ^ ^ ( 16 ) 


no(s) 


, t ^ 
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For t < z/V , c( 2 , t) is undefined since the fluid has not yet reached the point z. 
By letting i z/V we see that eciuation 15 reduc^es t,o no(z) and by kitting z — > 0, 
equation 14 reduces to ro(0, demanded by eciuations 3 and 4. Spe(‘ial (tases 
of this solution have' hem obtained by Bohart and Adams and by Hinshelwood 
where Uoiz) = 0 and ro(/) = Co, a constant. Previous solutions have neglected 
the term dc/dt. Marshall and Pigford (4) state that this is permissible for gases 
but not in geraual for licpiids. In this case ecpiations 14 and 15 reduce to: 

^ = I + l^oxp (- 7.7c„a)j l^oxp - 1 j 

- 1 + [exi, (“•*)] [oxp (/,■(„„) - l] 
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INTKHFAC^IAL TF.NSION AT KLFA ATKI) PRESSI HFS AM) 

ITAIPKRATrUES. 1 

A Xi'A\ vNi) Impkovkd AppMiATrs FOR Boi ndxr^-Texsiox 
Mexsi rements hy the Pendent- Droi* AIethod 

t:. A IIAUSKH \ND A S MKMlAKbS 

Deport ment of Dhvtnical Enijinccnng, Massavh usetts Institute of TrrhnnliHjn, 

( V/ tnht i(i(p\ Masmeh uaetts 

Rvcvivi’ii Fehroanf 20, 191^^ 

Progress in several fields, notably petiH)leum production, has rec(‘ntly stimu- 
lated interest in the development of ecpiipment foi* interl'acial-tension m(*asure- 
ments at high pressures and temperatures. At this time w(' wish only to rej^ort 
the completion of an apparatus for measurenumt of interfacial tcaision by th(' 
pendent-drop method of any li(iuid-li(iuid system in the tempenature range* 
2()'2(K)°(\ and the pressure range 0 10, (MX) pounds per sciuare inch. 

The pendent -drop method was developed and first t*mployed by Andreas, 
Hauser, and Tucker (1) in 1938. The method, with various modifications of 
eepiipment, has since been used by Mack, Davis, and Bart ell (t>), ^mith (8), 
Sorg (9), and others. The pendent-drop method is a highly r(*fin(‘d and accurat(* 
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technique, and seemed to us particularly well adapted to situations involving 
boundary-tension measurements at high pressures. 

OPTICAL SYSTEM 

Although the basiii principles of the pendent-drop tecihnique remain unchanged, 
the optical system of the new pendent-drop tensiometer offers many unusual 
features. Firstly, the need for a telecentric lens system to insure true silhouette 
images of the pendent drops has been obviated through the use of a “conoen- 



P"iG. 1. Illuminating system 



Eto. 2. Photomicrographic camera 


centrated-arc’’ lamp developed by the Electronics Division of Western Union 
Telegraph Company (3), coupled with a highly corrected parallelizing lens and a 
monochromatic filter (figure 1). This illuminating system produces an almost 
perfectly parallel beam of light, making the use of a telecentTic stop unnec^essary. 

Secondly, a special photomicrographic camera has been built which is compact 
and simple to operate (figure 2). The instrument is equipped with a highly 
corrected lens (a 48-mm. Spencer Lens Company “TeleplaU’ objective), which is 
designed to be essentially free from distortion even at high magnific^ation ratios. 
Drop silhouettes are recorded on in. by 4J in. Wratten ‘‘M’* or Wratten 
Metallographic plates. The magnification ratio is adjustable, the maximum 
magnification with the present lens being approximately 16 X. The camera is 


APPARATUS FOR BOUNDARY-TENSION MEASUREMENTS 


1159 


not equipped with a shutter; in order to eliminate the possibility of changing the 
temperature of the system under test owing to the heating effetJt of the light 
beam, a shutter is instead incorporated in the illuminating system. This shutter 
prevents light from entering the cell in which the drops are formed except when 
the camera is being focussed, or when plates are being exposed. 

With the (25-watt) point light source, exposure times are 1 sec. with a green 
interference filter (wave length, 55()() A.), and «e(*. without the filter. Photo- 
graphs taken in unfiltered light appear only slightly less sharply defined than 
those taken with the filter. 

At present, m(»asurements of the photographs are being made with an engraved 
rule and a hand magnifier, and are estimated to the nearest 0.1 mm. The magni- 



Fkj. 2A. Atmosplieric pressure set -up 


fi(‘ation of tlu‘ camera is calculated from the known diameter of the tip from which 
the drop is suspended. With this measuring technicpie, results are reproducible 
to within 1 per cent . Provision will soon be made for dire(*t measurement of drop 
ilimensions on the ground-glass focussing screen (^f the (camera. This will, of 
course, greatly decrease the time recpiired to complete a given observation, and 
will increase the general utility of the method. 

By virtue of its compactness and simplicity, we believe that this optical system 
possesses a decided advantage over those previously employed for this woi’k. 
Although the apparatus is at present lieiiig used with the high-pressure ecpiip- 
ment described below, it (^an readily be employed for pendent-drop measurements 
at atmospheric pressure. For such determinations, we have usihI a rectangular 
glass cell surrounded by a thermostatically controlled jacket, and a hypodermic 
syringe to which are fitted ground-off, stainless-steel hypodermic needles. This 
assembly is shown in figure 2A. 
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HIGH-PRESSURE EQUIPMENT 

The high-pressure equipment consists of three units: (1) the pendent-drop cell, 
(£) the drop-forming system, and (S) the pressure-generating system. 

Details of the pendent-drop cell are shown in figure 3. The cell body was 
machined from a solid bar of 18-8 chrome-stainless steel. Type 303. It is in. 
in diameter and 3J- in. long. The cell windows (5) are standard optical flats 
approximately 0.6 in. thick and 1^ in. in diameter. According to the design 
suggested by Poulter (7) and Bridgman (2), the glass flats are in direct contact 
with opti(5ally flat stainless-steel seats (3). No gasket is necessary to effect a 
liquid-tight seal at these points. 

The window seats are held in place by stainless-steel flanges (2) and sealed 
with gaskets (6) of appropriate composition (Garlock 210). This design employs 
the so-called ‘‘principle of the unsupported area,*’ so that the window assemblies 
are selfsealing. 

The general window design of this equipment parallels that employed in a 
windowed cell described by K. E. Eilerts et ah (4) of the U. S. Bureau of Mines, 
Bartlesville, Oklahoma, which has been in successful operation for several years. 
The authors are also indebted to the Charter Oil Company Laboratory, Tulsa, 
Oklahoma, for the suggestions and advice offered for the design of the cell, and 
for providing the glass flats described above. 

The stainless-steel drop-forming tips (8) screw into the interior of the cell as 
indicated in the figure. This feature permits (change of tips without disturbing 
the cell windows. 

The cell is heated electrically by means of coils placed in the holes drilled longi- 
tudinally through the cell body. Very sensitive temperature control (within 
0.05°C.) is obtained by means of an electronic proportional temperature con- 
troller. 

The mechanism for forming drops at elevated pressure is shown schematically 
in figure 4, The drop-forming system consists essentially of three thick-walled 
cylinders, two of which (number I and II in the diagram) are connected to coils 
of high-pressure tubing so that they can be raised or lowered. Cylinder I is 
connected to the pressure-generating system and to the body of the pendent-drop 
cell. Mercury is used to transfer the pressure from the generator to the liquid 
in the (;ell (‘"B”), and the mercury level is so adjusted that no pressure difference 
exists between the top of cylinder I and the interior of the cell. Cylinders II 
and III constitute a simple differential manometer. Pressure is transmitted 
from the generator to cylinder II, and from II to III via the mercury leg. The 
liquid (“A”) from which drops are to be formed is placed above the mercury in 
cylinder III, and is led through stainless-steel capillary tubing to the drop- 
forming tip in the cell. Irrespective of the total pressure on the system, a dif- 
ferential pressure sufficient to force liquid into the drop-forming tip can be pro- 
duced simply by raising cylinder II (or by lowering cylinder I, or both). Worm- 
gear mechanisms for changing the positions of the cylinders permit accurate and 
convenient control of drop size. 

The entire drop-forming system, the exception of the needle valves, is 
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Fig. 3A,B,C,D. Pendent-drop cell 
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constructed of stainless steel. The cylinder closures are of the simple com- 
pression-gasket type. Gaskets are also made of thoroughly annealed stainless 
steel. Valves, fittings, and tubing..,!Connections (for J-in. O.D. tubing) are of 



the types recommended and manufactured by the American Instrument Com- 
pany (Superpressure Division), Silver Spring, Maryland. 

Pressures are produced and measured by means of a modified dead-weight gage, 
constructed in accordance ivith the design of F. G. Keyes (5), and scre\^-type- 
piston, master cylinder assembly. The nominal diameter of the floating piston 
is A in- Provision has been made for loading this control piston by means of a 
5:1 ratio lever arm in order to eliminate the need for handling very heavy weights 
at the higher pressures. It is believed that pressures can be controlled and held 
constant within 1 per cent for the pressure range involved. 
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Fig. 3D 

The fluid used in this system is a mixture of U.S.P. mineral oil and petroleum 
ether. Although this liquid lacks certain qualities desirable in a hydraulic fluid 
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it is essentially non-capillary-active, and is thus well adapted for use in boundary- 
tension-measuring equipment where surface contamination is a frequent and 
serious problem. 

LIMITATIONS AND APPLICATIONS OF THE APPARATUS 

The fact that the Poulter-type high-pressure windows described above are not 
in general gas-tight except at exceedingly high pressures limits the use of this new 
apparatus to the extent that the cell chamber must always be filled with liquid. 
This does not, however, exclude the measurement of gas-liquid boundary ten- 
sions, because the "'drop'' can just as well be a gas bubble. 



Fig. 4. Drop-forming system 


The equipment is at present being used for the determination of the pressure 
and temperature coefficients of interfacial tension between pure hydrocarbons 
and water. When this fundamental research is completed, measurements will 
be made on the system n-decane-distilled water in the presence of dissolved 
methane. It is anticipated that this latter information will be of value in pre- 
dicting and interpreting the interfacial behavior of systems of crude petroleum 
and natural brine under physical conditions comparable to those existing in 
subterranean oil reservoirs. 

Succeeding articles in this series will be devoted to the presentation and inter- 
pretation of data obtained with this equipment, and, it is hoped, will suggest new 
problems to which the apparatus can be conveniently applied. 
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*‘In science the credit goes to the man who convinces the world, not to the man 
to whom the idea first occurs.’’ Tliese words were spoken by the British phy- 
sician Sir William Osier in the last lecture he gave before the Royal Society of 
Medicine in 1918. One could hardly find a more striking example of their sig- 
nificance than by offering a brief historical review of the colloid chemistry of 
silicon. 

In 1861, Thomas Graham read before the Roj^al Society in London a paper on 
‘‘Liquid diffusion applied to analysis.” He differentiated therein between mat- 
ter which would and substances which would not diffuse through a membrane. 
References to this lecture (3), which must be regarded as the foundation of colloid 
science, are mostly limited to the following statement: “As gelatine also appears 
to be of the non-diffusing type, it is proposed to designate substances of the class 
as COLLOIDS, and to speak of their peculiar form of aggregation as the COL- 
LOIDAL CONDITION OF MATTER.” 

What has dropped into oblivion, however, is the following sentence: 

“The comparativcjly yiaJcrf class as regards diffusion, is represented by a different order 
of chemical substances, marked out by the absence of the power to crystallize. Among the 


* Presented before the Symposium on Colloid Chemistry of the Silicates, which was held 
under the auspices of the Division of Colloid Chemistry at the 112th Meeting of the Ameri- 
can Chemical Society, New York City, September 15-19, 1947. 

* This paper is based on the book Silicic Chemistry by E. A. Hauser and D. S. le Beau, 
to be published by D. Van Nostrand Company, Inc , New York, and on notes for the newly 
inaugurated class on “Colloid Chemistry of Silicon” at the Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts, starting with the fall term, 1947. 
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latter are hydrated silicic acid, when it exists in the soluble form. Soluble silicic acid forms 
a peculiar class of compounds, which are interesting by their analogy to organic sub- 
stances.’’ 

Three years later Thomas Graham wrote another paper (4), from which the 
following excerpts have been taken: 

*‘We have no degrees of solubility to speak of with respect to silicic acid, like the degrees 
of solubility of a salt. . . . The ultimate pectization of silicic acid is preceded by a gradual 
thickening in the liquid itself. The production of the compounds of silicic acid described, 
indicates the possession of a wider range of affinity by a colloid than could well be antici- 
pated. The organic colloids are no doubt invested with similar wide powers of com- 
bination.” 

Thomas Graham unquestionably deserves credit for having been the first to 
convince the world that a colloidal condition of matter exists. That siliceous 
compounds exhibit properties characteristic of this state had already been men- 
tioned eighty-two years prior to Graham’s first disclosure, in the dissertation of 
the Swedish scientist Torbern Bergman, ‘‘De Terra Silicea,” which a few years 
later was reprinted in one of his textbooks (1). The following is an excerpt of 
the most pertinent part therefrom: 

“Finally 1 must still think of those incomplete phenomena, which depend on a seeming 
solubility. This silicious liquor [alkali silicate solution — is precipitated by all 
acids, because the alkali prefers to hang on to them rather than to the gravel . This precipi - 
tated gravel has a very expanded and loose texture, is filled with water, so that it is twelve 
times as heavy when moist, than when dry. However if one first adds more water before * 
adding acid, the solution remains clear, even if more acid is then added as would be needed 
to neutralyze the alkali. THIS IS A PECULIAR PHIONOMENON and the reason for it 
probably is the following; Through the dilution with water the silicious particles are very 
much separated from each other, or made finer and better distributed throughout the 
liquid. Although the particles, being heavier than the liquid, should settle out, they can 
in this case not overcome the resistance due to friction, because a greater force will be 
needed to accelerate sedimentation than the one resulting from the difference in specific 
gravity. The silica particles remain suspended in the liquid and at the same time invisible 
due to their fineness and transparency.” 

We colloid chemists must blame ourselves that it took so long, nearly a century, 
for it to dawn upon us that the colloidal properties of siliceous matter are just 
as important for the explanation of some phenomena it exhibits as they are with 
many high-molecular organic compotmds. This is the more surprising if one 
takes into consideration the fact that silicon in combination with oxygen accounts 
for 76 per cent of the earth’s crust. Structural chemistry, largely based on the 
results of chemical analysis combined with x-ray diffraction studies, has rfiown 
that silicon is tetracovalent in its chemical behavior. This is in accord with its 
position in the fourth group of the Periodic System of elements. Silicon, how- 
ever, differs from carbon, because its maximum covalency can be 6, as exemplified 
by SiFe ". The two elements also differ in their reactivity toward hydratiem and 
hydrolysis of their halides and the ease of rupture of silicon-to-silicon bonds by 
water or hydroxyl ions. The most plausible explanation for these differences is 
baaed cm the siae of the atoms (silicon = 1.172 A.; carbon = 0.77 A.) and the 
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correspondingly greater screening of the nuclear charge of the silicon. It also 
should be noted that of all the single bonds between tetracovalent silicon and 
other elements, the Si — C) bond with an energy value of 89.3 kg.-cal. per mole is 
by far the strongest (11). 

Another tool for structural research which is becoming more and more impor- 
tant is infrared spectrosc.opy. Vibrations involving the Si— 0 bond have shown 
that the intensity of the bonds is about five times stronger than that of the C — O 
bonds. As far as the ionic character of silicon bonds is concerned, measurements 
of relative intensities of absorption in the infrared permitted estimating the ratio 
of the ionic character of the Si — O bond to that of the C —() bond to be 2.3 (14). 
This is in line with the relationship between electronegativity difference and per 
cent ionic character. For the Si — () bond it amounts to 51 percent, and for the 
C — () bond to 22 per cent. The ratio 51/22 = 2.3. In the (‘ase of Si — and 
C — F the ratio, although smaller, is still 1.6 (11). 

These facets should suffice to point out how futile it would be to attempt to 
apply the laws of (classical organic chemistry to the chemistry of silicon (12). 

There are, however, also many similarities Ix^tween the elements carbon and 
silicon and their compounds which are worth recording. To explain them in 
spite of the difference between the homeo- and hetero-polar bindings of these 
elements, the colloidal state must be taken more into (consideration than has so 
far Ix'en the (case. A sili(*on atom is known to share four electrons with neigh- 
boring atoms. But each (jxygen atom needs two electrons for saturation. The 
silicon -oxygen tetrahedron (figure 1) is not saturated. If the oxygen atoms are 
r('plac(‘d with hydroxyl groups, the tetrahedron then is saturated because ea(;h 
hydroxyl needs only one electron. Thus, by sharing the I'ight number of elec- 
tions, two or more atoms are firmly held together; in this specific case, inference 
is generally made to a chemical bond or a (*ovalent bond. 

If several silicon -oxygen tetrahedra are combined so that two always share 
one oxygen, a chain-like structure results. In such a chain, two of the oxygen 
atoms belonging to one silicon atom remain unsaturated. This deficiency may 
be compensated by attaching a sodium atom to every unsaturated oxygen. A 
fibrillar aggregate is thus formed, which, if dispersed in water, reprcvsents the 
structure of sodium silicate or water glass (figure 2). The fact that the sodium 
ion hydrates appre(!iably and the presence of such long-chain aggregates offer a 
simple explanation for the solubility of sodium silicate and the high viscosity of 
its soluti(ms. The entanglement of these fibrillar aggregates on desiccat ion also 
explains the formation of coherent sodium silicate films. Their structure is 
comparable to films obtained from long-chain high-molecular-weight organic 
compounds such as rubber or cellulose. If sodium silicate is rea(*ted in solution 
with a solution of an acid, the sodium will ex(;hange for the acid hydrogen, thus 
forming a silicic acid chain (figure 3). If two or more of these chains come close 
together or tangle up, condensation between neighboring hydroxyl groups occurs. 
Water is split off and the chains are now held together by shared oxygen atoms. 
A loose, unoriented, but nevertheless rigid tridimensional stru(‘ture results, and 
a hydrous silica gel has been formed. 
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Just as it was possible to link two or more silicic acid chains together by con- 
densation, two or more silicon -oxygen tetrahedra chains may be joined by having 



Fig. 1. Left: Silicon-oxygen tetrahedron (schematic), top view. The oxygen atom on 
top has been drawn transparent to show the location of the silicon atom in the cavity formed 
by the four oxygen atoms. Right: Aluminum (magnesium) octahedron (schematic). 



Fig. 2. Model of a sodium silicate chain (theoretical): white batte represent oxygen 
atoms; smaller black balls, sodium atoms. 



Fig. 3. Model of silicic acid chain (schematic), top view: white balls represent oxygen 
atoms; black balls, hydroxyl groups. 

them share oxygen atoms (figure 4). A hexagonal network or silicon -oxygen 
sheet has been formed. If these hexagons thus formed are symmetrical, a sheet 
of crystalline structure results; if they are not symmetrically aligned, a silica 
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l^ass is obtained. The oxygen in the vertex position of every tetrahedron only 
remains unsaturated. 

Similar sheets may be formed by joining magnesium or aluminum octahedra 
together (figure 1). If a sheet of aluminum octahedra is superimposed on a 
hydrated silica sheet, they are held together by secondary valence forces, but 
they can also condense. This is how the most abundant clay, kaolinite, was 
formed. When a sheet of aluminum hydroxide octahedra is sandwiched between 
two sUica sheets and condensation follows, the clay mineral pyrophyllite is 
formed. If the aluminum hydroxide is replaced by magnesium or iron hydroxide, 
the minerals talc and nontronite, respectively, result by condensation. If some 
of the silicon is replaced by an ion of lower valency, we have built up the basic 
structure for mica. If we replace the aluminum with an ion of lower valency, 
the nucleus for the highly reactive clay mineral bentonite has been formed (5). 



Pia. 4. Condensation of silicic acid chains to form silica sheet 


We owe these deductions to the combination of results from chemical analysis 
and x-ray diffraction studies (2). The first visual proof for the assumed platey 
shape of these clay particles has only fairly recently been offered by electron- 
microscopic studies (5). 

All this information, however, is still inadequate to offer a satisfactory explana- 
tion for many of the properties exhibited by siliceous matter, just as classical 
organic chemistry alone is unable to account for some properties exhibited by 
many organic colloids, as for example gelation, the high viscosity of their solu- 
tions, and elasticity. 

It is here that the importance of colloid science becomes self-evident. It is the 
bridge which spans the gap in our knowledge of the properties exhibited by matter 
present in the range of dimensions we may no longer neglect. 

To avoid coining new terms for this branch of colloid science, let us see if one 
cannot ad<^t some of the terminology already familiar to scientists specializing 
in the chemistry of hi^-molecular organic compounds. We shall classify the 
siliocm hydroxide tetrahedra and the octahedra of magnesium, aluminum, and 
ir(Mi hydroxide as mcHicHners (figure 5) cianparable to isoprene or styrene. By 
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oondensatioQ dt these mtaxome^rs individually we produce a pdymer oaDoparahle 
to natural rubber or to polystyrene (figure 6). If the silicon hydroxide jx^ymer 
reacts with the alumimim or magnesium hydroxide polymer, or mixtures of these 
by further oandensation, the result is an inor^mic copolymer, ecxnparable to the 
ecqidlymers of butadiene and styrene, or of isobutylene and isoprene (figures 6 
and 7). The resulting particle now represents the nucleus of a colloidal micdte. 


Its properties will depend on the distribution of electrical charges in its surface. 
The finer the particle, the more surface is exposed and the mme pitmOunoed will 
be the tendency to have its electric charge, caused by the unbalanced electrcm 
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Fig. 6. Copolymers; (a) prior to condensation (halloysite) ; (b) after condensation 
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distribution, neutralized. What this implies can best be explained by offering 
a few examples. 

The question vdiy solutions of alkali silicate polymers have such high viscosities 
and set to a gel like many high-molecular organic colloids has baffled chemists 
for a long time. Quite recent work proves that the comparatively h^h viscosity 
of water glass sdutions and their gelation upon the addition of acids or electro- 
lytes carrying cations of higher valency, or less hydratability, than sodium ion 
are based solely on the morphology of the alkali silicate particle. Sodium silicate, 
for example, owes the viscosity of its solutions to the water hulls, o^^’oepheres, 
carried by the sodium ions, which must be considered as ionizable counter ions 
and^not as fixed components of the silicate structure. lyospheres also 

pre^t the cdlddal particles from condensing and fonffig larger particles. 
Upon the addition cff an acid or a multivalent cation, a base-exchange reaction 
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results, the zeta potential of the micelle drops and its lyosphere is decreased in 
size (figure 8). This is then followed by condensation and, as previously stated, 
by the formation of filamentitious polymers. Depending on the type of (!ounter 
ions involved in this reaction and their concentration, a thixotropic or rheopecdic 
gel with separated particles, or a permanent gel with a three-dimensional struc- 
ture of interwoven filaments results. This is also the reason why these gels upon 
desiccation yield extremely porous, highly reactive solids, a result which accounts 
for their strong adsorbing property. It is nothing but the surface development 
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and the (diemit^al unsattiraiion and type of the ions lo(;ated therein \vhi(‘h are 
responsible for the increasing uses Avhieh colloidal sili(;a is finding in such diversi- 
fied appli(‘ationsasin mouthpiece filters of gas masks, in air- and water-purification 
unit s, or as bleaching and decolorizing agents and as catalysts. 

Our increasing knowledge of the structure of the condensation copolymers of 
silicon hydroxide with aluminum or magnesium hydroxide has opened up some 
entirely new uses for these abundant natural products. When it was discovered 
that certain colloidal clays exhibit the phenomenon of thixotropy and how it (*ould 
be controlled, they were put to use in the formulation of oil well drilling muds 
(10). Since most naturally ixicurring colloidal clays which give thixotropic gels 
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are sodium bentonites (5), they will not yield thixotropic gels in contact with a 
brine solution or oil. On the basis of our knowledge of their composition and 
their micelle structure, we can now change their reactive surface so that they 
become reactive even in such environments. 

By spreading thixotropic gels of purified sodium bentonite and drying them, 
the platey particles are aggregated into fibers which interweave and form a 
coherent self-supporting film (figure 9) (7, 9). By exchanging tiie sodium ion 
with a less hydrophilic one, a water-resistant film of high dielectric properties 
results. If the exchanging ion is potassium, synthetic mica is formed. If the 
sodium ion is substituted, with a complex ion carrying an organic radical, the 
clay will now. expose an organic surface. Such clay exhibits interesting prop- 
erties as a compounding ingredient for organic matter like rubber and plastics 
(5, 7). If the organic radicals, like organic ammonium complexes or metal 



Fic.’Q. Filamentitious structure of clay films 


acrylates (5, 8), can be polymerized by condensation or addition, the result is a 
copolymer of organic and inorganic monomers and not just a heterogeneous 
mixture. This reaction is of course not limited to clay films, but permits the 
production of plastics for pressure or extrusion molding. Depending on the type 
of organics radicals involved, thermoplastic or thermosetting compounds can be 
produced (5, 8, 9).® 

In recent years the silicon resins have been added to this branch of colloid 
science. They too are neither entirely organic nor inorganic in composition. 
They have opened up new vistas for coating, impregnation, lubrication, and even 
in the field of elastomers (12). In combination with clay films they yield insu- 
lating tapes of unsurpassed electrical properties. 

* The S4th Annual Report of the Mellon Inslilutey which came to the authors attention 
only recently, carries on p. 26 a note under the heading ‘‘Clay as a Chemical . Science News 
I-^etter (Vol. 61, p. 333 (1947)) refers thereto in an article ^‘Plastics from common clay.’* 
This work, in which the author takes an active part, is carried out mlder & fellowship spon- 
j^ored by the Natif)nal Lead Company and is based on the above-mentioned discoveries. 


SILICIC CHEMISTRY 


1173 


Other fields which would benefit by paying more attention to the colloid chem- 
istry of siliceous matter are geology, petrography, the ceramic and the paper 
industries, agriculture, highway construction, soil solidification (13), and flood 
control, to mention only a few. They all depend on the surface composition of 
clays and the colloidal phenomena based thereupon. In ceramics it is plasticity 
and shrinkage (5) of the clay slips, in the paper industry dispersion and coating 
(6), in agriculture the fertility of the soil, in flood control the assurance that 
sufficient permeability is maintained (13). In geology and petrography it is the 
phenomenon of rhoopexy which deserves special attention. This is particularly 
so, since it has been shown that its occurrence is most pronounced if colloidal 
clay is contaminated with colloidal iron oxide (5). This phenomenon is probably 
responsible for the layer-type deposits of clays and in petrography for the petri- 
faction of such delicate structures as jellyfish. The Solnhofen slates are famous 
for these and it has been proven that they are largely composed of colloidal par- 
ticles of siliceous matter (5). 

In closing this survey, I should like to refer to a statement made nearly thirty 
years ago by a famous Austrian chemist, Dr. Rudolf Wegscheider. He said: 
‘T predict that the day will come when the chemistry of Silicon will be a serious 
competitor to organic (diemistry.’^ It is hoped that colloid chemists who have 
been active in research with compounds of siliceous compositions will realize that 
this day has come, and that it therefore is not presumptuous to coin a new name 
for this branch of colloid science, — namely, ‘'silicic chemistry. 

Sili(*ic chemistry has been born and is growing fast, and as with the develop- 
ment of every child, we are in for many surprises! 

SUMMARY 

The history of the colloid chemistry of silicon is reviewed to prove that this 
branch of the science of colloids is even older than the term “colloid'^ itself. 

The opinion that certain properties of matter, such as the formation of solutions 
of high viscosity and the ability to form gels, are limited to organic compounds is 
disproved. Attention is drawn to the similarity of the reactions responsible for 
the formation of organic and siliceous colloids and a uniform terminology for 
these reactions is suggested. Examples of siliceous compounds exhibiting the 
same properties as organic ones are offered. 

Various colloidal phenomena characteristic of silicon compounds and their 
importance to science and industry arc discussed. Attention is drawn to the 
versatility of this new field, and the suggestion is made to give it the name “silicic 
chemistry.’’ 


Addendum 

Only a few days before the author presented this paper, he was visited by 
Professor Nils Hast of the Royal Technical University and the Nobel Institute 
for Physics, in Stockholm, Sweden. Professor Hast gave him a detailed descrip- 
tion of his new techniciue for studying the structure of clays and diatomaceous 
shells with the electron microscope (Nature 159, 354, 370 (1947)). This new 
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method of sample preparation has enabled Professor Hast to increase the micro- 
scope’s resolving power far beyond what has been possible so far and to make the 
changes which the original structure undergoes during hydration and subsequent 
dehydration actually visible. Besides this, it has enabled him even to make the 
individual layers of clay particles discernible and also the process by which they 
are stacked up. 
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That emulsion polymerization should be considered a surface phenomenon 
has already been stated by several colloid chemists. The question, however, if 
polymerization is initiated by the use of oil-soluble or water-soluble catalysts, 
or starts at the oil-water interface, has never been answered satisfactorily. 
With this in mind, two series of polystyrene emulsions were prepared, one with 
an oil-soluble catalyst and the other with a water-soluble catalyst. The concen- 
tration of the emulsifying agent was the only variable factor. The data show 
that polymerization occurred simultaneously in the oil and water phases, but 
not at the oil-water interface. The value of the oil-phase polymerization was 
definitely established. This is in direct contrast to those theories of emulsion 
polymerization which assume that only aqueous-phase reactions are involved. 

Further work showed that a change in the amount of emulsifier and type of 
catalyst causes the molecular weight distribution to vary over a wide range. 
The effect of molecular weight distribution on the physical properties of the 
polym(T was recjognized qualitatively, and confirmed by studying the morphology 
of mixed fractions ultramicroscopically with incident light. 

These results are in line with what has already been demonstrated with other 
high-polymeric substances. 

This paper is concerned with the emulsion polymerization of styrene. 

On the basis of the investigations of Harkins and coworkers (1), Vinograd and 
coworkers (8), Mark and coworkers (3), and Price and Adams (4), it has been 
suggested that polymerization was initiated in the aqueous phase. X-ray data 
supposedly indicated that polymer particles were expelled from the soap micelles 
after they had reached a certain size and that they then continued to grow at the 
expense of monomer, diffusing from the monomer droplets which serve as a reser- 
voir to supply monomer to the acjueous phase to initiate the growth of the small 
particles. 

A survey of the literature revealed that these theories and deductions are based 
on work carried out with water-soluble catalysts. It was believed that this type 
of catalyst obscured the contribution of oil-phase polymerization which was also 
occurring. The present work was therefore undertaken in an attempt to resolve 

' This paper is based on the M.S. thesis of Eli Perry in the Department of Chemical 
Engineering of the Massachusetts Institute of Technology, June, 1947. It was presented 
before the Division of Colloid Chemistry at the 112th Meeting of the American Chemical 
Society, which was held in New York City, September, 1947. 
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this problem. For this purpose two series of emulsions were prepared, one with 
an oil-soluble catalyst (benzoyl peroxide) and the other with a water-soluble 
catalyst (potassium persulfate). The systems used were extremely simple and 
consisted only of styrene monomer, emulsifying agent (sodium stearate), cata- 
lyst, and distilled water. The recognized variables, such as catalyst concentra- 
tion, ratio of oil to water phase, temperature, agitation, and type of atmosphere, 
were held constant. The only variable factor for each series of polymerizations 
was the amount of emulsifying agent used. In order to avoid any difficulties 
which might occur due to variations in the raw materials, enough of each con- 
stituent was obtained so that the same lot could be used throughout the whole 
investigation. To this end the styrene monomer was used as received (i.e., with 
inhibitor) so as to avoid any purification which might give slightly different 
grades of monomer for the various runs. 

Polymerization was conducted under a nitrogen atmosphere in a three-necked 
flask equipped with ground-glass joints and a mercury seal. 

The procedure consisted in weighing the water into the flask and dissolving 
the emulsifying agent and catalyst (if water-soluble) in the water. The monomer 
was added (with the catalyst dissolved in it if oil-soluble) and the dispersion was 
agitated for 25 min. A sample was withdrawn, and the constituents of the flask 
were brought to temperature in 15-20 min. The temperature was maintained 
within ±0.5°C. until the monomer was 93-95 per cent converted to polymer. 
The emulsion was then cooled to 35°C'. and strained into jars for storage. Any 
lumps were air dried and weighed. 

The course of the reaction was followed by pipetting samples out of the dispersion 
and analyzing them for unreacted monomer. The analytical procedure used in 
this work was a modification of the method of Uhrig and licvin (7). 

A rough estimate of the degree of (conversion to polymer anus obtained as 
follows: 5 ml. of emulsion was mixed with 40 ml. of water. Ten milliliters of pre- 
cipitating reagent (12.5 cc. of concentrated sulfuric acid, 50 g. of sodium 
chloride, and 1 1. of water) was added slowly to the diluted emulsion. If the 
conversion was less than 40 per cent no precipitate resulted, but an oily layer of 
monomer was salted out. At 50-60 per cent conversion small particles of poly- 
mer separated and formed a dispersion resembling shredded cotton rags in a 
liquid medium. At 70-80 per cent conversion the polymer lumped to form a 
single, solid, sticky ball. Above 90 per cent conversion a fine, hard precipitate 
formed, leaving a clear or almost clear supernatant liquid above it. 

Nitrogen was bubbled through the dispersion from the time the water was 
charged to the very end of the run. 

The following data were obtained for each polymer: (1) total time of reaction 
at the reaction temperature; the per cent conversion as a function of time; 
(3) the approximate time of the induction period; (4) the amount of lutmps 
formed; (5) the approximate particle size in the final product; (6) the “gross^* 
molecular weight of the product polymer; (7) an approximate molecular weigh 1. 
distribution curve. 
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PARTICLE-SIZE MEASUREMENT 

The particle size was estimated ultramicroscopically and by means of light 
transmission measurements. Neither method allowed an absolute determination 
of particle size, but a comparison between the various emulsions was all that was 
wanted. 

FRACTIONATION PROCEDURE FOR MOLECULAR WEIGHT DISTRIBUTION 

Fifty grams of polymer was purified by dissolution in 1000 cc, of methyl ethyl 
ketone and reprecipitation with 2500 cc. of methanol. 

Thirty grams of reprecipitated polymer was dissolved in 1500 cc. of methyl 
ethyl ketone in a 2000-cc. Erlenmeyer flask. Methanol was added in small incre- 
ments to precipitate the different molecular weight fractions of the polystyrene. 

The recovery of polymers as a result of fractionation was always 97 per cent or 
better. 


MOLECULAR WEIGHT DETERMINATION 

The molecular weight was determined viscometrically, giving a weight 
average. 

The specific viscosity (N»p) was calculated and a plot of N^p/C vs, C allowed 
the intrinsic viscosity, (AT), to be found. The molecular weight was calculated 
from the formula (5) : 

(N) = 4.94 X 10-*^ Mo.78 

It is believed that emulsion polymerization is initiated simultaneously in the 
oil and water phases, and that the use of the oil-soluble catalyst has emphasized 
the contribution of the oil-phase polymerization to such a degree that it could be 
easily distinguished from the polymerization which was initiated in the aqueous 
phase. 

Most of the polymerization occurs as a zero-order reaction for both types of 
catalyst. 

Other investigators have demonstrated that the reaction rate should increase 
as the solubility of monomer is increased in the aqueous phase. 

The length of the induction period decreased as the concentration of the 
emulsifying agent was increased. If one pictures the induction period as lasting 
until all of the inhibitor reacts with active nuclei, anything that promotes the 
rate of formation of nuclei (e.g., increased amount of emulsifying agent) shortens 
the induction period. The extra soap also solubilizes more of the inhibitor to 
increase its rate of consumption. 

The particle size of the polymer decreased with an increased soap concentra- 
tion, as indicated in figures 1 and 2 (3). The increased concentration of monomer 
results in more rapid formation of nuclei, each of which may become a new par- 
ticle. t^^lso, more soap is available for adsorption on the surface of new particles 
before ifce emulsif 3 dng agent disappears. This increase in the number of par- 
ticles for a given charge implies that each individual particle is smaller. 
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The initial sample of dispersion from the flask separated into two layers imme- 
diately, showing that the emulsion polymer was not formed totally by mechanical 
means. Hie “two-layer sample” formed an emulsion polymer when allowed 
to stand unagitated on the shelf for 3 weeks at room temperature. This phe- 
nomenon is a consequence of the picture of polymerization occurring in the 
micelles and the molecules being expelled as particles when they reach a certain 
size (3). 

The experimental facts which the theory of aqueous-phase polymerization does 
not explain but which the picture of dual-phase polymerization can explain is 



PCftCCNT SOAl^ 

Fig. 1. Effect of soap concentration on particle size (estimated microscopically) 

lump formation. Figure 3 shows that lump formation decreases with increasing 
soap concentration. Any satisfactory theory must be able to explain this de- 
crease and also the great differences found when using oil-soluble and water- 
soluble catalysts. Lump formation was appreciable for resins made with an 
.oil-soluble catalyst, but resins made with a water-soluble catalyst gave very 
little lump formation. In fact, with the latter actual lumps did not form, but 
instead an “oily” spot was seen on the surface at 75-85 per cent conversion. 
This “oily” spot disappeared as the reaction proceeded and was present in the 
final polymer as a lump in. to in. in diameter for the range of soap concen- 
trations used. For this reason, the size of the “oily” spot was recorded 
qualitatively instead of weighing the lumps (c/. figure 3). 
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For an explanation of lump formation one must also take into consideration 
that polymerization occurs simultaneously in the oil and aqueous phases. The 
droplets which are “oil-phase initiated'' differ in one important respect from 
particles which are initiated in the aqueous phase in that they must vary in solids 
content from 100 per cent to 0 per cent monomer during the course of the reac- 
tion. This variation in solids content is a consequence of simultaneous polymer 




SOAP 

Fig. 2. Effect of soap concentration on the light transmission of the emulsions 

formation and loss of monomer by diffusion. Therefore, at some stage in the 
reaction these latex-like particles must exist in a “sticky" state. If, at this stage^ 
the particle size of the droplets is so large that the adsorbed soap film cannot 
stabilize them, the agitation will bring the droplets together and cause them 
to coalesce. Therefore, only certain particles in the emulsion coalesce and form 
lumps. Since an oil-soluble catalyst accentuates the contribution of oil-phase 
polymerization, the amount of lump formation will be greater than when using 
a water-soluble catalyst. With both an oil-soluble and a water-soluble catalyst 
the over-all time of reaction is controlled by the fastest rate, namely, that in the 
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aqueous phase. This implies a decrease in over-all reaction time when the soap 
ccmcentration is increased, and less polymerization occurs in the dl with 
the resultant decrease in lump formation. 

If this picture of lump formation is correct, agitation should be important in 
regard to the amount and natiue of the lumps formed. The ^cperimental 
data confirm this deductitm. 




^eKCCMT SOAP 

Fig. 3. Effect of soap concentration on lump formation 


As shown in figure 4, the extrapolated value of the reaction rate constant is not 
zero at zero soap concentration for an oil-soluble catalyst. For the water- 
soluble catalyst, the extrapolated intercept was negligible. With a water- 
soluble catalyst at zero soap concentration one essentially separates the mon- 
omer and catalyst into different phases, so that very little oil-phase or 
aqueous-phase polymerization occurs. Therefore, the reaction rate constant 
must be very small. For the oil-soluble catalyst at zero soap concentration one 
excludes monomer and catalyst from the aqueous phase, but brings them into 
contact in the oil phase. The large reaction rate constant is due to the appre- 
dable oil-phase polymerization, and demonstrates that it makes a significant 
ccmtribution to the whole reaction. 
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More low-molecular-weight material was produced in the polymer as the soap 
concentration was decreased. This is seen in figures 5 and 6. The data of these 
figures are plotted in such a way that a curve tending away from the abscissa 
represents a preponderance of high-molecular- weight material, a straight line 
represents uniform molecular weight distribution, and a curve tending toward 
the abscissa represents a preponderance of low-molecular-weight material. The 




SOAP 

Fig. 4. Effect of soap concentration on the reaction rate constant 

trend toward increased low-molecular-weight material with a decreased soap 
concentration is unmistakable for both the oil-soluble and water-soluble catalysts. 

It must be emphasized that the molecular weights were estimated viscometri- 
cally by finding the intrinsic viscosity, (iNT). The recorded molecular weights 
therefore represent a measure of the difference of degree of polymerization 
rather than absolute values. 

A satisfactory picture of the variation of the molecular weight distribution 
curves with the soap concentration is presented by considering dual-phase 
polymerization. Less soap results in a longer reaction time, allows oil-phase 
polymerization to occur, and reduces the concentration of monomer and catalyst 
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Fig. 5. Effect of soap concentration on the molecular weight distribution in the polymer 
(water-soluble catalyst) . 



OF POLYMeif 

Fig. 6. Effect of soap concentration on the molecular weight distribution in the polymer 
(oil -soluble catalyst). 

(if oil-soluble) in the aqueous phase (so that less aqueous-phase polymerization 
occurs). Therefore, less soap implies more low-molecular-weight material and 
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less high-molecular-weight material in the polymer (c/. figures 5 and 6). Al- 
though the shape of the curve changes for the polymers made with an oil-soluble 
catalyst as the soap concentration decreases from 7 to 1 per cent (figure 6), the 
trend is not as apparent as in figure 5 for two reasons: (a) With an oil-soluble 
catalyst, the amount of oil-phase polymerization is large for any soap concen- 
tration, so that one is trying to detect a small addition to a large quantity, 
(fe) With increased oil-phase polymerization (i.e., decreased soap concentration), 
the amount of lump formation increases greatly (figure 3). Since lump for- 




Fiq. 7. Effect of soap concentration on the molecular weight of the unfractionated polymer 
Photomicrographs of polystyrene fractions 

mation is due to oil-phase initiation, the more oil-phase polymerization which 
occurs, the more of that type of polymer is removed as lumps, which do not re- 
main in the product. 

A study of figure 5 indicates that the mechanism of aqueous-phase polymeriza- 
tion may change as the soap concentration is varied. This idea is suggested by 
the difference in the molecular weight fractions of the polymers, and variation 
in its gross molecular weight (cf. figure 7). In any case, the present report does 
not pretend to deal with the mechanism of polymerization, but only its loci. 
The mechanism is still unknown and requires much more research. 
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One must also consider the evidence against polymerization taking place at 
the oil-water interface. 

( 1 ) Using a water-soluble catalyst, the reaction rate constant was negligible 
at zero soap concentration. As explained above, the catalyst and monomer are 
in different phases, so that if interface polymerization were important the reaction 
rate constant would be significant under these conditions. 

(j 8) With a water-soluble catalyst lump formation was small, and with an 
oil-soluble catalyst lump formation was large. If interface polymerization were 
important one would expect the same reaction mechanism and, hence, approxi- 
mately the same amoimt of lump formation with both types of catalyst. 

(S) Polymer particles of colloidal size were formed without agitation. Inter- 
face polymerization does not provide any mechanism for the formation of small 
particles. 

It was therefore concluded that the experimental facts could be explained only 
by the theory of dual-phase polymerization. 

The molecular weight distribution in the polymers is of special interest. 

Qualitative tests on films made from mixtures of fractions of different molec- 
ular weight confirmed the idea that the toughness and elasticity were markedly 
influenced by the molecular weight distribution. Thus, films containing 50-75 
per cent of low-molecular-weight fractions were much tougher than films of pure 
high or pure low molecular weight material. Much work remains to be done, 
but once the optimum molecular weight distributions for the various properties 
are known, it should be possible to produce any molecular weight distribution 
desired in any molecular weight range by controlling such variables as type and 
amount of catalyst, per cent emulsifier, temperature of the reaction, and con- 
centration of the monomer (6). The variation in the molecular weight distribu- 
tion obtained in the present work indicates a general method of attack. 

Some ultramicroscopic observations were made on the fractions of polystyrene, 
using the technique described by Hauser and le Beau (2). Films of the polymer 
were deposited on fine-mesh wire screen and viewed under a Leitz Ultropak 
under controlled conditions of time and temperature. Photomicrographs pub- 
lished previously (2) showed glob formation for many substances, due probably 
to syneresis (flow whereby the low-molecular-weight material was squeezed 
out from between the high-molecular- weight chains). Therefore, the formation 
of globs depends in part on the molecular weight distribution of the polymer. 
The freedom of movement of the chains and how that movement is affected by 
side groups are other facts to be considered. 

Various fractions of high-molecular-weight and low-molecular-weight poly- 
styrene were mixed in the proportions of 75 per cent low molecular weight and 
25 per cent high molecular weight. The individual unmixed fractions rarely 
showed glob formation at either room or elevated temperatures. Occasionally, 
globs were observed but they were attributed to the fact that the fractions were 
not sharp. Often, fragments or particles were observed which were similar to 
globs in appearance but which had sharp comers instead of smooth rounded 
surfaces. The mixed fractions did not form globs at all times, especially at room 
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ternpenituro. However, on heating the samples, globs appeared and their forma- 
tion was attributed to the spreading of the chains and the subsecpient greater 



Fig. 8, 8000 MW at 25°C. Fig. 12. Mixture of 8000 and 250,000 MW 

Fig. 9. 40,000 MW at 25'’C. heated to OO^’C. 

Fig. 10. 250,000 MW at 25®C. Fig. 13. Mixture of 40,000 and 1,000,000 MW 

Fig. 11. Mixture of 8000 and 250,000 MW at 25°C. 
at 25°C. Fig. 14. Mixture of 40,0(X) and 1,000,000 MW 

heated to 90°C. 

flow. The photomicrographs (figures 8'-14) show some of the phenomena de- 
scribed above. This work is by no means complete but indicates that a more 
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exhaustive investigation of this type is necessary to help in solving some of the 
problems which still beg for answers. 

We are greatly indebted to Dr. D. S. le Beau, Director of Research, Midwest 
Rubber Reclaiming Company, for making the preparations needed in the ultra- 
microscopic examination. 
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INTRODUCTION 

Metals or alloys which are to be used in high-temperature service must, m(»et 
certain requirements of room-temperature properties, such as ductility, must 
have high-temperature strength, oxidation and corrosion resistance, and striu^- 
tural stability. Surface stability is as important as load-carrying ability, since 
it governs the length of time the material will be able to stand tliie stress. Failures 
at elevated temperatures may occur as the result of general, intragranular, or 
intergranular attack. Of the three, intergranular attack is generally considered 
to be the most serious. j-rfr 

The Hastelloy alloys are interesting because of their unusual compositions, 
high-temperature strengths, and resistance to corrosive media. In addition, the 
use of some of these alloys in high-temperature service makes the study of the 
oxides which form on them at various temperatures of interest to metallurgists 
and engineers. 

Hastelloy alloys A, B, and D are resistant to progressive atmospheric oxidation 
and to oxidizing and reducing flue gases, carbon monoxide, carbon dioxide, and 
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hydrocarbons at temperatures up to 800®C. Hastelloy alloy C is resistant up to 
higher temperatures, the upper limit being about 1000 ®C. ( 5 ). Experimental 
work on superchargers, using alloys A, B, and C, showed that the stress rupture 
strengths of the cast alloys were definitely superior to those of the wrought alloys 
at 815®C. but that the high strength of alloy B in the wrought condition below 
760°C. encouraged its use. Alloy B, which contains no chromium, cannot be 
used above 760°C., since it lacks surface stability under oxidizing conditions 
which result in loss of molybdenum from the surface ( 1 ). Considerable atten- 
tion is being given to alloy C for use in high-temperature service, such as tail cone 
stacks of gas turbines and outlet nozzles of jet engines, since it is easier to form 
into the desired shapes than most of the other high-alloy materials ( 11 ). 

LITERATURE SURVEY 

The oxidation of some of the metals which comprise the Hastelloy alloys has 
been studied by the electron diffraction technique. In two earlier papers (4, 7) 
the authors have reported electron diffraction studies of the oxides occurring on 
the metals nickel, iron, chromium, molybdenum, and tungsten. These studies 
have shown that NiO and Cr 203 are found on nickel and chromium, respectively, 
over the temperature range 300-700®C. The oxidation of iron is much more 
complicated, since the oxide which occurs on the surface is dependent upon both 
the temperature and the time of oxidation. Four oxides, 7 -Fe 203 , Fe 304 , 
a-Fe 203 , and FeO, are found on iron in the temperature range 225~700®C. 
M 0 O 2 is the oxide stable in contact with molybdenum throughout the tem- 
perature range 300~700'^C., while MoOs becomes predominant on the surface as 
the films get thicker in the low-temperature range. Above 4{X)°C. M 0 O 3 is no 
longer observed; M 0 O 2 is the only oxide obtained. On tungsten WO 3 is the 
oxide stable in contact with the metal up to approximately 600®C., while WO 2 
forms first at 700®C. In this respect tungsten differs from molybdenum, since 
the dioxide of molybdenum is in contact with the metal while the trioxide occupies 
the same position on tungsten. 

To the best of our knowledge no electron diffraction studies of the elements 
manganese and silicon have been made, although alloys containing them have 
been investigated. 

The oxides occurring on alloys containing two or more of the metals which 
make up the Hastelloy alloys have been investigated by electron diffraction. 
Alloys of nickel with molybdenum and tungsten (7) show only the presence of 
molybdenum and tungsten oxides, indicating that molybdenum and tungsten 
may have higher rates of formation and diffusion of ions than nickel. Alloys of 
nickel and chromium (10) show the presence of NiO in the low-temperature 
range, while above 400®C. either Cr208 or NiO • Cr 203 or a mixture of these oxides 
occurs on the surface. This indicates that the rates of formation and diffusion 
of nickel and chromium ions may vary in a different manner with temperature. 
It is also significant that an increase in the concentration of silicon in alloys of 
nickel and chromium prevents the formation of Ni 0 *Cr 203 and permits only 
Cr 208 to form. 
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No i^tematic study of the oxides occurring on the Hastelloy alloys has been 
made using the electron diffraction technique. Yamaguchi (12) has reported 
that an electron diffraction study of the corrosion products found on an alloy of 
iron with 5rl0 per cent molybdenum and on Hastelloy alloy A shows only the 
presence of MoOj. Unfortunately, the conditions imder which the corrosion 
product formed are not available to us. 

SAMPLE PRKPABATION AND METHOD 

A complete description of the apparatus used in this study has been reported 
by Gulbransen (2, 3). Samples, as received, in the form of rods of 0.375-in. 
diameter are cut to 0.375-in. lengths. These are given a surface finish, using the 
precision abrader (2) and ending up with 4/0 emery paper. Experiments have 
shown that a clean, flat, slightly matted surface, such as is obtained with 4/0 emery 
paper, gives sharp intense reflection patterns. Oxidations are carried out af- 


TABLE 1 

Analyses of the alloys* 


EISKENT 

ALLOY A 

ALLOY B 

ALLOY C 

ALLOY D 

Ni 

5&-60 

60-65 

55-60 

85 

Mo 

15-20 

25-35 

15-20 


Fe 

15-20 

5 

6 


Cr 



12-16 


Mn 

2 




Cu 




3 

Si 




10 

A1 




2 

C 

0.13-0.20 




W 



5 



* Hoyt : Metals and Alloys Data Book, p. 265. 


ter the abrading treatment without any other pretreatment such as annealing 
or etching. Purified oxygen under approximately 1 mm. pressure is used in all 
the oxidations. Electron diffraction photographs are taken in the vacuum 
of the camera before oxidation; after 1, 5, 30, and 60 min. oxidation; and after 
cooling to room temperature under approximately 0.05 atm. pressure of hydrogen. 

Table 1 lists the samples investigated together with the approximate analyses 
available to us. All alloy samples were obtained through the courtesy of 
Haynes Stellite Company, Kokomo, Indiana. 

METHOD OF INTERPRETATION 

In order to identify the oxides which form on the surfaces of the alloys, it is 
necessary to compare the interplanar distances and intensities from the electron 
diffraction patterns with data obtained by other workers using x-ray diffraction. 
Some of the electron diffraction patterns show the presence of intense arcs or 
spots, indicating that the oxide has grown in a preferential manner on the 
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metallic substrate. In these cases no attempts are made to determine the 
orientations which the oxides assume. The data from the oxidations are pre- 
sented in the form of existence diagrams of the oxides plotted on a time-tem- 
perature scale (figures 1-4). The terms “oriented/' “sharp," “medium," and 
“diffuse" occurring on the existence diagrams and represented by the letters O, 
S, M, and D, respectively, refer to the types of diffraction patterns. Those 
patterns are termed “oriented" where intense arcs or spots occur as the result of 
preferential growth of the oxide crystals on the surface; the remaining three 
classifications are made on the basis of line widths. 

TABLE 2 


Oxides found on the alloys 


AXXOY 

riOUKE 

oxms STSUCTUEE * 

Hastelloy A 

1 

300-900®C. — spinel 

Hastelloy B 

2 

300-500 ‘’C.—NiO 

600®C. — ^MoO* + tr. MoOj; 700°C. — spinel 

800°C. — 1 min.— spinel; 5-60 min.— NiO 

900°C. — 1 min. — ^Mo02; 5-60 min. — spinel 

Hastelloy C 1 

3 

300-500 .—spinel 

600-700*^0.— CrjOi; 

800 ®C., 1-5 min. — CraOj + Mo02; 30-60 min. — ^spinel 

900 ®C., 1 min. — Cr20j + M 0 O 2 ; 5^ min. — spinel 

Hastelloy I) 

4 

300-600^0.— CU 2 O 

700-900°C.— NiO 


RESULTS AND DISCUSSION 

Table 2 gives a synopsis of the results, which are presented more completely in 
graphical form in the existence diagrams (figures 1-4). Each point on the 
existence diagrams represents the oxidation of a sample for the time and tem- 
perature indicated. In all cases the lattice parameters given for the cubic 
oxides are the average lattice parameters where the maximum deviations are not 
greater than =t 0.03 A. In some cases it is not possible to give the chemical 
composition unequivocally by examination of the lattice parameter alone. In 
these cases the most probable formula is given, although the possibility of solid 
solution exists. 

In the interpretation of the data the relative thermodjmamic stabilities of the 
oxides which may form are important only if the several metallic ions form and 
diffuse to the surface. In most cases the oxides which are observed are probably 
dependent primarily upon the relative rates of formation and diffusion of the 
several metallic ions. 

No attempts have been made to study the stratification of the oxides on the 
surfaces of the alloys. Since only the outer 60 or 100 A. of the oxide films are 
sampled by the electron beam, it is possible that the bulk of the oxide films may 
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differ widely in composition from the results reported. In a later report it is our 
intent to present an x-ray diffraction study of the oxides formed in air by oxida- 
tion in an auxiliary furnace. 


HASTELIiOY A 

Hastelloy A, which consists primarily of nickel, molybdenum, and iron with a 
small quantity of manganese, is a solid-solution alloy with a face-centered cubic 
structure (5) containing a small proportion of carbides even when cooled rapidly 
from a high temperature. An inspection of figure 1 shows that the oxide occur- 
ring over the complete time-temperature range has a cubic structure of the spinel 
type. There are two principal oxides having a spinel-type structure which may 
occur on this alloy: namely, Fe 304 (a = 8.42 A.) and NiO-FcsO* (o = 8.34 A.). 
The lattice parameter observed, 8.43 A., indicates that the oxide occurring on the 
surface consists primarily of iron oxide, although nickel may be present in solid 
solution. Although no chemical differences in the oxides occur over the time- 
temperature range under investigation, there are ph 3 ^cal differences present as 
evidenced by the facts that some of the patterns are medium and oriented, and 
some are diffuse, while others are sharp. These variations are probably the 
results of differences in growth of the oxides on the surfaces of the metallic 
substrates. 

The fact that no oxides of molybdenum or nickel are observed may indicate 
that ions of iron have greater rates of formation and diffusion than do ions of 
these metals. Earlier work on Hipemik (6) (49 per cent iron, 49 per cent nickel, 
2 per cent manganese) showed only the presence of oxides of iron while the 
oxidation of an alloy of molybdenum and nickel (7) (93 per cent molybdenum, 
7 per cent nickel) showed only the presence of molybdenum oxides. These facts 
indicate that the rates of formation and diffusion of the ions of these three metals 
may be in the order iron, nickel, and molybdenum. On this basis one might 
expect to find oxides of iron primarily on Hastelloy A; this is in agreement with 
the results obtained, as shown in figure 1. Of course, it is possible that the con- 
centration of iron may be reduced in a ternary alloy of iron, molybenum, and 
nickel to the point where ions of molybdenum will reach the surface. If all of the 
ions had equal probability of reaching the surface, one would still expect to 
observe oxides of iron at equilibrium primarily as evidenced by the free energies of 
formation of the oxides which are given in an earlier paper (8). It is realized, of 
course, that the rates of the several reactions will to a great extent influence the 
oxides which form on the surface. 

HASTELLOY B 

Hastelloy B contains the same metals as Hastelloy A except that the per- 
centage of molybdenum is higher while that of iron is lower, as shown in table 1. 
This alloy is also face-centered cubic and contains a small proportion of carbides 
(1). A comparison of figures2 and 1 shows that the changes in the concentrations 
of iron and molybednum have greatly affected the oxides which occur on the 
surface. The reduction in the percentage of iron to one-third the value present 
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in Hastelloy A results in the appearance of NiO up to 500°C. Since oxides of 
iron are favored thermodynamically over NiO in the temperature range 300— 
500®C., the absence of iron oxides on the surface may be due to the fact that an 



Fig. 1. Oxide films on Hastelloy A at 1 mm. oxygen for various times and temperatures 

insufficient number of iron ions reach the surface to permit Fe 804 to form accord- 
ing to the following over-all equation: 

4NiO + 3Fe ^ FcO^ + 4Ni (1) 

At 600®C. oxides of molybdenum are observed, with M 0 O 2 being the principal 
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oxide and MoOt present only as a trace. This result is in agreement with a 
previous report on 93 per cent molybdenum, 7 per cent nickel (7), where a 
mixture of M 0 O 3 and MoOi was obtained at 6(X)°C. At 700°C. a cubic oxide of 



Fio. 2. Oxide films on Hastelloy B at 1 mm. oxygen for various times and temperatures 

the spinel type is obtained. The composition of this oxide may not be deter- 
mined from the electron diffraction data. At 800“C. NiO ngnin becomes pre- 
dominant on the surface, while at 900®C. M 0 O 2 occurs for diort oxidation timAs , 
followed by the appearance of an oxide with a cubic structure of the spinel type 
as the film becomes thicker. 
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Our interpretation of the data above 500®C. is as follows: 

(1) The oxide occurring at 700°C. is probably primarily Fe304. This seems 
reasonable, since iron oxide is observed at 500®C. for short oxidation times, while 
at 600®C. molybdenum ions surpass iron in rates of formation and diffusion and 
reach the surface. 

(2) At 800°C. NiO again appears on the surface, indicating that nickel ions are 
reaching the surface in greater numbers than iron ions. 

(3) At 9{)0°C. the spinel-type oxide probably consists of both iron and nickel 
with the formula NiO-FeaOa. 

If molybdenum is reaching the surface and being oxidized above 600°C., the 
oxide formed probably is evaporating, since M0O3 melts at 795°C. 

On the basis of our results on this alloy indications are that failure would occur 
rather quickly in an oxidizing atmosphere at temperatures much in excess of 
600°C. 


HASTELLOY C 

Hastelloy C contains the same percentage of iron (5 per cent) as Hastelloy 
B, the same quantity of molybdenum (20 per cent) and nickel (60 per cent) as 
Hastelloy A, and additions of 12-16 per cent chromium and 5 per cent tungsten. 
The addition of chromium should reduce the oxidation rate and permit this 
alloy to be used in oxidizing atmospheres at temperatures in excess of those 
possible with alloys A and B. 

Figure 3 shows that the oxides observed on the surface are dependent pri- 
marily upon the temperature and to a lesser extent upon the time of oxidation. 
In the temperature range 300-500°C. an oxide of the spinel t3T)e (a = 8.43 A.^ is 
observed. Several spinel-type oxides are possible; namely, Fe304 (a = 8.42 A.), 
Ni0*Fe203 (a = 8.34 A.), and Ni0-Cr203 (a = 8.31 A.). Earlier work on 
Hipemik (9) and Nichromes (10) indicates that this oxide is probably iron oxide, 
although nickel and chromium may be present in solid solution. 

At 600°C. and 700°C, Cr203 is the only oxide observed on the surface, while at 
800°C. and 900°C. a mixture of Cr20s and M0O2 is observed for short oxidation 
times, followed by the appearance of an oxide of the spinel type (a = 8.35 A.) as 
the films become thicker. From a study of the Nichromes (10) it seems reason- 
able to assume that this spinel oxide is mainly Ni0*Cr203, since the 80 per cent 
nickel and 20 per cent chromium series of Nichromes shows the presence of 
Ni0-Cr203 (a = 8.31 A.) above 800°C. when the amount of silicon present is 
0.30 per cent or less. 

On the basis of the oxides which are obtained above 600°C., one would predict 
that this alloy would be much better in oxidation resistance than alloys A and B 
above this temperature. The investigation of the Nichromes (10) indicates that 
the presence of about 1 per cent of silicon and small quantities (0.10 per cent or 
less) of zirconium, calcium, and aluminum stabilizes the oxide structure such 
that Cr203 is the only oxide observed up to 1050°C. Unfortunately we do not 
have complete analyses on Hastelloy C. We have no information concerning 
the presence of trace elements. If trace elements, such as silicon, zirconium, 
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calcium, and aluminum are absent, the addition of the above elements to the 
alloy might improve its oxidation resistance and increase its lifetime at elevated 
temperatures in oxidizing atmosidieres. Of course, it is possible that such addi- 



Fig. 3. Oxide films on Hastelloy C at 1 mm. oxygen for various times and temperatures 

tions would have deleterious effects on the high-temperature strength properties 
of the alloy. 

HASTELLOT D 

Hastelloy D consists primarily of nickel (85-90 per cent), silicon (10 per cent), 
mid copper (3 per cent). An inspection of figure 4 shows that CuiO is observed 
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in the temperature range 300-«00°C., while above GOO^C. NiO occurs on the 
surface. 



TIME (MIN.) 

Fio. 4. Oxide films on Hastelloy D at 1 mm. oxygen for various times and temperatures 

These results are in agreement with an earlier study (9) of alloys of copper and 
nickel. The r61e which silicon plays is not clear. It is evident, however, that no 
crystalline oxides of silicon are observed. If silicon does undergo oxidation, the 
oxide which forms is either amorphous and not identifiable by electron diffraction 
or it concentrates in contact with the metallic substrate and is not in diffracting 
position with the reflection technique. If the latter occurs, it is possible that 
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the presence of a silicon oxide film, either crystalline or amorphous, may hinder 
the passage of metallic ions to the surface and reduce the oxidation rate. This 
explanation has been given by the authors in a study of the Nichromes (10). 

SUMMARY 

The results of this investigation of thin oxide films formed on the Hastelloy 
alloys A, B, C, and D are presented as existence diagrams of the oxides on a 
time-temperature scale. The authors make no claims that the existence dia- 
grams represent phase diagrams of the metal-oxygen systems. The diagrams, 
however, do represent graphically the results which should be obtained under 
identical experimental conditions. 

Although Hastelloy A contains approximately 60 per cent nickel, NiO is not 
observed on its surface. This alloy is characterized by the presence of a spinel- 
type oxide which is probably FesO^. Hastelloy B, which contains approximately 
the same percentage of nickel, approximately twice the molybdenum, and one- 
fourth as much iron as Hastelloy A, oxidizes in a much more complicated manner. 
The reduction in the percentage of iron permits nickel ions to reach the surface 
and form NiO in the low-temperature region. Above 500®C. the oxidation 
pattern is quite complicated, with molybdenum and iron ions competing with 
each other to get to the surface. The appearance of NiO at 800®C. may be due 
to the fact that MoOs may be evaporating from the surface, while at 900®C. the 
spinel oxide which forms probably contains both nickel and iron. 

Even though Hastelloy C contains approximately the same quantities of nickel 
and molybdenum as Hastelloy A and roughly the same percentage of iron as 
Hastelloy B, it forms the same spinel oxide as Hastelloy A below 500®C. It 
would appear that the addition of chromium and the i^uction in the quantity of 
molybdenum prevent the formation of NiO in the low-temperature region, as 
occurs on Hastelloy B. Above 500®C. chromium ions show great tendency to get 
to the surface, as evidenced by the appearance of CrjOj at 6{)0®C. and TOO^C., 
while at 800'’C. and 900°C. the spinel oxide which forms is probably NiO-CrjOj. 
The oxidation resistance of this alloy may possibly be increased by the addition of 
a small quantity of silicon (1 per cent), which seems to have a tendency to 
stabilize CrjOt on the surface. 

Although Hastelloy D contains only a small percentage of copper, CujO is 
dominant on the surface up to 600°C., while above this temperature NiO is 
observed. No oxides of silicon are observed. It is possible, however, that sili- 
con oxide may be in contact with the metallic substrate. 
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MOISTURE RELATIONSHIPS OF CELLULOSE. I 

The Heat of Wetting in Water and in Certain Organic Liquids 
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I . INTRODUCTION 

Few investigators have measured the heats of wetting of cellulosic materials 
in water and in other liquids. 

Katz (8) measured the heat of imbibition of cellulose, woody fibres, and other 
gelatinous materials in water and found that the heat liberated depended on the 
degree of imbibition (the number of grams of water taken up by 1 g. of the 
swelling substance) . He compared the results with the heat of mixing water with 
sulfuric acid, phosphoric acid, and glycerol. The similarity of the two kinds of 
systems led him to the conclusion that amorphous swelling substances differ 
from liquids only in viscosity. 

Among his measurements of the heat of swelling (wetting) of some colloidal 
substances in water, Rosenbohm (17) obtained the following values (in calories 
per gram) : 9.6 for fibre paper, 12.9 for pure cellulose, and 20.8 for cotton. Meas- 
urements of the heat of swelling of partially saturated gelatin led him to the 
conclusion that the swelling of gelatin takes place in two stages, — ^the first where 
a small amount of water is taken up and all the heat of wetting is liberated, and 
the second where a large amount of water is taken up with practically no heat 
evolved. 

Measuring the heat of swelling of cellulose acetate in different mixtures of 
ethyl alcohol, benzene, and nitrobenzene, Knoevenagel (11) regarded his results 
as supporting a conception of definite (stoichiometric) solvate formation for the 
sorption of liquids by cellulose esters. 

Sheppard and Newsome (18), on measuring the heats of wetting of an acetone- 
soluble cellulose acetate in some alcohols, benzene, and certain other liquids, 
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found no evidence of compound formation between solid and liquid. They 
observed that the time required to reach maximum temperature on iixunersing 
tilie solid in a liquid increased with the complexity of the molecules of the latter. 

Argue and Maass (1) measured the heat of wetting of dry and partially satu- 
rated cellulose in water. They found that if the initial water content was left 
as a result of partial desorption, a higher value of the heat was obtained. 

In all their determinations, these investigators measured the heat developed 
in a rather short time after immersion of the unevacuated solid in the wetting 
liquid. Since the rate of heat liberation varies with the cellulose-liquid system 
under investigation, the experimental results are rather dependent on the sensi- 
tivity of the calorimeter and upon the rate of heat liberation. Raw cotton, 
though it shows a sorption capacity for water nearly equal to that of “hydrophile” 
or medicated cotton, is very nearly unwettable. This is usually attributed to 
the presence of a film of wax on the exterior of the fibre cuticles. The angle of 
contact between water and the wax-covered fibres being large, air remains inside 
the cotton lump and on its surface, separating it from the water, a fact which 
leads to the “Masson effect.” Masson (12) found that on immersing in water a 
lump of dry raw cotton wound round the bulb of a thermometer, the cotton rose 
in temperature several degrees in a few minutes and then cooled very slowly. 
Masson explained the large magnitude of this rise in temperature in terms of the 
heat of condensation of water distilled through the air film separating the cotton 
from the w’ater. 

In the present investigation, a device is therefore used in which the wetting 
liquid is allowed to rush into outgassed ampoules containing the dried cellulosic 
samples, whereby a quick contact between the solid and the liquid is assured 
without the interference of entrapped air. A main purpose of the investigation 
was to compare the heats of wetting so determined with the corresponding 
free-enei^ decrements at saturation, as computed by integration of the sorption 
isotherms. 


II. APPARATUS AND EXPERIMENTAL TECHNIQUE 

The apparatus used in this investigation is similar to that of Razouk (15) for 
the determination of the heat of wetting of charcoal in some organic liquids. A 
diagram of the apparatus is shown in figure 1. Briefly, it is made up of a Dewar 
tube acting as a calorimeter. This is fitted with a cork through which pass a 
thermometer of the Beckmann t3q)e (graduated to 0.002°C.), a heating manganin 
coil with a known resistance (about 4 ohms), and a shaft of a rotary paddle stirrer 
which acts also as a holder for the cellulose ampoule; the ampoule is fitted into 
the holder throu|^ a ground joint and is kept from falling by a light spring. A 
cylindrical glass jacket is fitted round the top ci the Dewar tube in order to allow 
cmnplete immersion of the calorimeter into a thermostat bath. The gearing 
wheel of the stirrer rests on a steel spring, so that the capillary tip of the cellulose 
ampoule may be brokrai to admit liquid by tapping the wheel. 

On carrying out an experiment, about 1 g. of the cellulosic material (a new 
sample for each occasion) was introduced in the ampoule. The weight of dry 
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cellulose was obtained from a blank experiment.^ The ampoule was then at- 
tached to an evacuation system through an S-shaped capillary, and outgassed 
at 65°C. for about 15 hr. After that time, when the pressure was less than 
10 ® mm., as shown by a McLeod gauge, the ampoule was sealed at its capillary 



Fig. I . The heat of wetting apparatus 


end. The calorimeter was fitted up after introducing about 100 cc. of the 
wetting liquid, and then it was immersed in a thermostat regulated to within 

^ Several ampoules were filled at the same time with the same kind of cellulosic material 
and the weights of the samples determined. The cellulose in one of the ampoules was dried 
by outgassing for the usual time at the standard temperature. From the decrease in weight , 
the moisture content per gram of dry cellulose was known for all the samples. 


1200 


MAtJRICB WAHBA 


0.01 "C. When equilibrium was nearly attained the stirrer was pushed down 
subtly so as to break the capillary end of the cellulose ampoule under the wetting 
liquid. The rise in temperature was followed on the thermometer for at least 40 
min. and then was corrected for cooling. 

The heat capacity of the system was determined by measuring the temperature 
rise when a known quantity of electricity was passed through the heater coil, 
the potential difference across its ends being measured by the Poggendorff 
compensation method. 

The heat of wetting was then calculated. A small correction (about 0.15 cal. 
as determined by a blank experiment) was applied owing to the dissipation, as 
heat, of the kinetic energy of the wetting liquid forced into the ampoule 

in. MATERIALS 

Raw cotton: A sample of raw Egyptian cotton named “Giza 7” was kindly 
supplied by the Cotton Research Board, Cairo. This was immersed for 1 week 
in distilled water, renewed daily, in order to dissolve any soluble impurities. It 
was then dried in an air oven at about 70®C. 

Absorbent cotton: A sample of that commonly sold under the name “Medicated 
Cotton” was used. This is believed to be raw Egyptian cotton that has been 
subjected to a bleaching process by means of soap solution and bleaching powder 
and then washed with water and dried. The commercial sample was again 
washed with distilled water for several days and then dried in the air oven at 
about 70‘’C. 

Standard cellulose: A sample under that name, kindly supplied by the Shirley 
Institute, Didsbury, Manchester, was discribed as “cotton linters that had been 
submitted to a high pressure boil in caustic soda,” and was stated to be a very 
pure cellulose. 

Viscose: A sample of regenerated cellulose was also kindly supplied by the 
Shirley Institute. It was described as “Viscose rayon yam, Courtauld’s A 
quality, 150 denier.” It was stated to contain a small quantity of oil and soap. 
It was therefore purified by steeping for 1 hr. in cold hydrochloric acid (about 
0.1 N), washing with water, drying, and then extracting with ether. 

Water: Conductivity water from a Hartley still was employed. 

Methyl alcohol, ethyl alcohol, acetone, and benzene: These were samples of Kahl- 
baum’s best quality. They were thoroughly dried and then fractionated several 
times. 


rv. RESULTS AND DISCUSSION 
A. The effect of drying temperature on the heat of wetting 

It has been shown by Urquhart and Williams (21) that the hygroscopicity of 
cotton decreases considerably on heating in a dry atmosphere, the ^ect being 
attributed (Urquhart (19)) to a rearrangement of the cellulose micelles with a 
consequent change in the availability of the hydroxyl groups. Knecht (10) has 
cdiown that when cotton is heated to about 80°C. for 336 hr. it gains distinct 
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reducing properties, and that when it is heated above 150°C. it suffers complete 
decomposition and the products are very complex. On evacuating either the 
standard cellulose or raw cotton used here at 100°C., a waxy material was found 
to be distilled; at 150°C. carbonization and distillation were rapid. 

It was therefore necessary to measure the effect of drying temperature on the 
heat of wetting of cellulose. Experiments were carried out with raw cotton and 
with standard cellulose, samples of both of which were evacuated for 15 hr. at a 
series of temperatures ranging from 25°C. to 120°C. At and above 100®C. a 
waxy material was found to distil from both materials and condense in the cooler 
parts of the evacuation system. Since this product was obtained with standard 
cellulose as well as with raw cotton, and a side experiment showed that it was 
produced in very large quantity at 150°C., it cannot be identified as the cuticular 
material which renders the fibres of the natural cotton so nearly unwettable but 
must be regarded as a product of the thermal breakdown of cellulose itself. 


TABLE 1 

Heata of wetting in water at SO^C. of raw cotton and standard cellulose dried at different 

temperatures for 16 hr. 

(Calories per gram of dry material*) 




HEAT OF WETTING ON DRYING AT 


CELLULOSIC MATERIAL 






25*C. 

65*0. 

lOOT. 

120*C. 

Raw cotton 


12.3 

12.2 

12.1 

Standard cellulose 

1 

9.7 

10.7 

10.6 

10.4 


* The weight of the dry material was obtained by drying at 65°C. on each occasion. 


Table 1 shows the data for the heats of wetting in water of the samples dried 
in vacuo at four temperatures. As seen from this table, the heat of wetting did 
not vary appreciably with the drying temperature within the range 65-120°C., 
the time of outgassing being 15 hr. in every experiment. Although drying for 15 
hr. at 25°C. resulted in the low value recorded in the table, more prolonged drying 
at this temperature was found to raise the heat of wetting to 10.5 cal. per gram, 
a value nearly equal to those obtained on drying at higher temperatures. 

In the light of the above results it was made the practice to dry the samples for 
15 hr. at 65®C., at which temperature good evacuation uncomplicated by thermal 
decomposition was ensured. Whilst evacuation for 8 hr. at this temperature gave 
a slightly reduced heat of wetting in water, prolonging evacuation to 20 lir. gave 
the same results as for 15 hr. 

B, The heats of wetting of some dried cellulosic materials in some common liquids 

The mean results of the experiments on the heats of wetting of raw cotton, 
absorbent cotton, standard cellulose, and viscose in water and some organic 
liquids are given in tables 2 and 3. The organip liquids chosen were those for 
which sorption data on cellulose were available. 
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(1) The time required for complete wetting 

The rate of the liberation of the heat c£ immersion (figure 2) seems to depend . 
on the nature of the wetting liquid. Several investigators have found that 
for cellulose and charcoal the rate of heat liberalaon decreases with increasing 
complexity of the wetting molecules (7, 15, 18). 

The time needed for the complete wetting of a solid in a liquid is also dependent 
on the nature of the solid as well as on the nature of the liquid; the chemical and 
the spacial structure of the two must be taken into consideration. For example, 
while methyl alcohol takes only 8 min. to evolve the apparent total heat of wetting 


TABLE 2 

The heats of wetting of raw cotton, absorbent cotton, standard cellulose, and visame in water at 

SO^C. 


riCLLULOSIC AlATESIAL 

1 HEAT or WETTING 

Tnac roH appabent 
TOTAL BEAT 



cdl,lgram j 

1 minutes 

Raw cotton. . . 

1 

12.3 

Within 10 

Absorbent cotton 

i 

! 10.0 

Within 10 

Standard cellulose 


10.7 

I Within 10 

Viscose 

. . ! 

20.3 

! Within 10 


TABLK 3 


The heats of wetting of viscose and standard cellulose in certain liquids at 



I 

HEAT or WETTING 



WETTING LIQUID 

Viscose 

! 

Cellulose 

Hi/Ht 


Hi 1 

Time | 


1 Time 



1 t 

i cal. /gram i 

minutes { 

cel.! gram 

j minutes | 


Water. . . 

20.3 1 

8 

10.7 

1 ^ 

1.00 

Methyl alcohol 

(13.5)* 1 

50 

7.6 

7 

1.78 

Acetone . 

(2.6) i 

50 

0.6) 

30 

1.73 

Benzene 

...j 1.5 i 

10 j 

0.8 

6 

1.88 


♦ Where the heat liberation was slow the values (in brackets) are less reliable on account 
of the difficulty of assessing the heat losses. 


of cellulose or of charcoal, it takes over half an hour on the wetting of viscose. 
Again, whilst Bazouk (15) found the heat of wetting of (non-activated) charcoal 
in benzene to take fully 30 min., the wetting of cellulose or viscose with the same 
liquid takes only 10 min. Water takes but a short while for the wetting of all 
three solids. There is clearly no close relation between the magnitude of the 
wetting energy and the rate at which it is liberated. The porosity Of the solid 
and the volume of the molecules of the wetting liquid also have a deciding in- 
fluence on the rate of energy release. 

To sum up, three factors may be distinguished as controlling the rate of 
liberatum of the heat of wetting: {!) the molecular volume of the wetting liquid, 
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(j?) the pore restrictions of the adsorbent, and (S) the attractive forces between 
adsorbent and adsorbate. 

It seems, moreover, that the factors which cause the vapors of different liquids 
to be sorbed in larger or smaller quantities affect in the same way the magnitude 
of the heat of wetting of the solid in the different liquids. Brimley (6) gives the 
percentage sorption values of some sorbates from the saturated vapors by 



T/ME (MM/TESJ 

Fi<i. 2. The rate of evolution of t ho heat of wetting of cellulose in the different liquids 


bleached cotton. For the sake of comparison some of these values are repro- 
duced: 


Water 

Ethyl alcohol 
Acetone 
Benzene . . . 


From table 3 and figure 2 it can be seen that the heat of wetting of standard 
cellulose in the above liquids decreases in the same order as the sorption values. 
One possibility to be borne in mind in this connection is that the wettable surface 
of cellulose is not constant with respect to the different wetting liquids. It is 
expected to be smaller the larger the molecules of the wetting liquid, and espe- 
cially the smaller the tendency to penetrate into the cellulose pores. The higher 
values of the heat of wetting in certain cases may be partly due to a greater 
accessible surface and not only due to greater attractive forces between the solid 
and the liquid. 

(2) The ratio l>etween the wettable surfaces of viscose and of cellulose 

It has been noticed that the ratio of the heat of wetting of viscose to that of 
cellulose in water is 1 .9, the same as the mean of the ratios between the sorption 
values of water vapor by the two adsorbents at different relative humidities. 


ptr cent 

19 -21 
8 . 5 - 9 
6 . 4 - 7 
1 - 2 
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(The sorption isotherms will be published elsewhere.) Table 3 shows that the 
ratio between the heats of wetting of viscose and of cellulose in the different 
liquids is practically constant. A similar result was previously found by Bartell 
and Ahny (5) with different samples of silica gel. The results obtained here 
show that the wettable surface of viscose is nearly 1.9 times that of cellulose. 

V. THE CALCULATION OF THE HEAT OF WETTING 

The different theories put forward to explain the heat of wetting have been 
summarized by Eazouk (15). The theory which is now well accepted is the one 
which explains the heat of wetting in terms of surface-energy changes. When 
1 g. of a clean solid, Avith a surface area 2, is immersed in a liquid, the solid- 
vacuum surface is replaced by an equal area of the interface solid-liquid (neglecting 
the small effect of swelling). This is accompanied by the evolution of a quantity 
of heat, (—AH)l calories per gram of solid, which represents the diminution of 
the heat content, or the total energy of wetting. That is given by the Gibbs- 
Helmholtz equation: 

(-AH)J2 = F^- T dn/dT (1) 

Bangham and Razouk (3) point out that Fl stands for the surface-energy lower- 
ing produced by imm ersion in the liquid, and is to be distinguished from the 
surface-energy lowering produced by exposure to the saturated vapor. The two 
are related to each other by the equation: 

Fl = + yLv cos 0 (2) 

where 7 x,» is the surface free energy of the li(iuid-vapor interface, and d is the 
wetting angle (angle of contact at equilibrium where the liquid -vapor interface 
meets the plane solid surface). Combining equations 1 and 2, Bangham and 
Razouk obtained: 

(-AH)l = 2 (f.-T + 2 (yL. cos 6 - T (3) 

Now, supposing that we have a clean solid surface and a bulk liquid, there are 
two ways in which it can be imagined that the heat of imraersional wetting can 
be developed: (Jf) by plunging the solid surface straight into the liquid, and 
(S) by allowing the vapor to distil from the liquid and be adsorbed on the solid 
surface imtil the latter becomes saturated, and then the solid with its saturated 
film is immersed into the liquid. According to the first law of thermod}rnamics, 
the energy released will be the same whichever way we proceed. In the second 
way, heat of evaporation will be absorbed at the liquid surface and a correspond- 
ingly greater amount released at the solid surface. When immersion afterwards 
takes place, the net effect is the algebraic sum of the two plus a heat term due to 
the immersional wetting of the saturated solid surface, a term which may be 
different from zero. 

Equatiem 3 represents this equality of the energy released in the two paths. 
According to Bangham and Razouk, “the expression within the first bracket 
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represents the heat evolved by the formation from the liquid of an adsorbed film 
in equilibrium with the saturated vapor; it is less than the total heat of adsorp- 
tion by an amount equal to the normal heat of condensation of just sufficient 
vapor to form the film.’’ Let this expression be called (— Aif),. ‘The expres- 
sion within the second bracket represents the heat generated when the surface, 
already saturated, is plunged into the liquid.” It will be noted that equation 3, 
which was derived for a plane surface, would not be valid if the adsorbing surface 
were greater than the area of the film-vapor interface which the saturated solid 
presents to the wetting liquid, i.e., if the pores of the solid became largely filled 
up by adsorption from the vapor phase. 

Bangham (2) has shown that the product {F^ X 2), where S is the adsorbing 
surface per gram, can be evaluated by the integration of the Gibbs adsorption 
equation, if the adsorption in grams per gram is known as a function of the 
pressure p. Writing S for the adsorption in grams per gram of dry cellulose and 
M for the molecular weight of the adsorbate, wre have: 



Po being the saturation vapor pressure of the normal liquid at the temperature T, 

Two adsorption isotherms at 25°C. and 35°C. have been determined for the 
taking up of water vapor by the raw’ cotton described above. The amount 
ad.sorbcd, <S, is plotted against log p/Po in figure 3. 

The areas under the 6-log p/Po graphs were measured; the value of the 
integral being indefinite when p approached zero, Henrj^’s law’ w’as assumed to 
be valid for the very early stages of adsorption. Such area measurements gave, 
for the free energ>’ of saturation (P^Z), the values: 5.47 cal. per gram of cotton at 
25^C. and 5.23 cal. per gram of cotton at 35°C. Hence, betw^een 25®C. and 35°C., 

d(Pv2)/dr = —0.024 cal. per degree 

The value of (P»2) at 30'^C. may be taken without a serious error as the mean 
of the values at 25°C. and 35®C.; it thus equals 5.35 cal. per gram of cotton. 
The heat of saturation of 1 g. of cotton at 30°C. will then equal 

5.35 — (—303 X 0.024) = 12.6 cal. per gram of cotton 

This value, w^hilst subject to an appreciable error arising from the evaluation of 
the integrals, is very nearly equal to the full heat of wretting of dry raw cotton 
in water as obtained calorimetrically, 12.3 cal. per gram (table 2). 

The heat of the immersional wetting of the vapor-saturated standard cellulose 
was also measured calorimetrically. The outgassed cellulose was exposed to 
saturated water vapor at 30®C. (in a thermostat) for 3 days and then immersed 
in the liquid at the same temperature in the heat of whetting apparatus described 
above, ^ Very little heat was liberated, only about 0.3 cal. per gram of cellulose. 

Referring to equation 3, then, it appears that for the cellulose-water system 
the term 2(7 li» cos (? — T dyLo cos 6/dT) approximates to zero. The most prob- 
able explanation is that the area of film-water interface which the system 
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presents to the wetting liquid on immersicm is relatively small, i.e., oi a smaller 
order of magnitude than the adsorbing surface. This would be Ihe case, for 
example, if much of the adsorption took place in cavities of molecular dimenrions. 
On the other hand, that the adsorbing surface area per imit weight of cellulose 
has a definite meaning and significance is suggested by the nearly constant ratio 
of the heats of wetting of viscose and standard cellulose in the differmit liquids 
investigated. 

The fact that very little heat is disengaged when an adsorbent, already e)q) 08 ed 
to saturated vapor, is plunged into the liquid has ako been found by other in- 
vestigators as with silica gel (Parks (13); Ray and Ganguli (14)), animal charcoal 
(Kats (9)), and unactivated wood charcoal (Razouk (16)). In this last case, 
however, with methyl alcohol as wetting liquid, Bangham and Rasouk (4) foimd 



Fio. 3. The adsorption isotherms at 25^0. and 35*'C. of water vapor by raw cotton 


a dispariliy between (— Aff) i and ( — AH), which exceeded the experimental error. 
They attribute this to the wetting (on immersion) of an already saturated film 
of area equal (or nearly equal) to the adsorbing surface. Rasouk (16) suggests 
that any heat developed by wetting the already saturated charcoal is liberated 
too slowly to be measured by the experimental technique used, the rate of 
penetration of the liquid even into the gross pores of the cWcoal being but slow 
under these circumstances. 

In reaching the tentative conclusion that for the cellulose-water system the 
heats of saturation and of immersional wetting are equal or nearly equal, certain 
limitaticms of the experimental methods used must be recognised. Ihe integra- 
ticm of the isotherms from zero pressure up to saturation is attended by con- 
siderable difficulty, and there is the superimposed error calculating the temper^ 
ature coefficient of the saturation free-energy change. Furtiier uncertainty 
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arises from the existence of two branches to the isotherms, one for adsorption and 
the other for desorption; from the data of Urquhart and Williams (20) for soda- 
boiled cotton at 20°C. (SF, ) evaluated from the desorption isotherm is 5.58 
cal. per gram of cotton as compared with 4.92 calculated from the adsorption 
branch ((SF,) is evaluated here from the adsorption branch). The thermo- 
dynamic equations are of course strictly valid only when the same equilibrium is 
attained from either side. Finally, the liberation of the heat of wetting in the 
calorimetric experiment is sufficiently slow to render accurate calorimetry 
difficult. 

One good reason, which would cause a difference between the calculated and 
measured values of the heat of wetting, is that the liberation of heat does not 
take place under thermodynamical equilibrium conditions. The actual wetting 
may involve, for the formation of a liquid layer in equilibrium with the solid 
surface, a process of orientation of the molecules of the liquid adjacent to the 
solid, a process which may be accompanied by energy changes that would be 
difficult to calculate theoretically from equilibrium sorption data. 

The estimation of the angle of contact from such data unfortunately involves 
also too fine an issue on the experimental side, both in the accurate measurement 
of slow heat liberations and in the accurate determination (and interpretation) 
of the isotherm. 


VI. SUMMARY 

The heats of wetting of dried samples of raw cotton, medicated cotton, stand* 
ard cellulose, and viscose in water were measured by a calorimeter in which the 
outgassed samples were directly immersed in the liquid without exposure to air. 
The effect of drying temperature on the heat of wetting was examined. The 
heats of wetting of viscose and of cellulose were also measured in each of the 
liquids methyl alcohol, acetone, and benzene. The rate of heat evolution seemed 
to depend on the pore size of the solid, the complexity of the molecules of the 
liquid, and the attractive forces between the solid and the liquid. The heats of 
wetting of cellulose in the different liquids changed in the same order as the 
adsorption values from the vapors of the liquids. The ratio between the heats 
of wetting of viscose and cellulose in any of the different liquids was nearly con- 
stant and equal to the ratio between the sorption values of water vapor by the 
two adsorbents. For the cellulose-water system the heat of immersional wetting 
is shown to be equal, within experimental error, to the heat of saturation as 
calculated from the free energy of saturation and its temperature coefficient. 

The author wishes to express his gratitude to Dr. D. H. Bangham for his 
constant interest and advice during this investigation. 
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I. INTRODUCTION 

The adsorption of water vapor on the surface of glass has been extensively 
studied. As early as 1830, Faraday (11) pointed out the large adsorptive capac- 
ity of glass and traced this to the presence of alkali, which would cause deposition 
of water owing to the lowering of its vapor pressure brought about by dissolution 
of the alkali. Warburg and Ihmori (1886) (35) confirmed this view and showed 
that if glass were coated with silica and freed from alkali by boiling with water, 
no appreciable adsorption occurred below 0.95 relative humidity. 

Bunsen in 1885 (8) realized the importance of heating glass apparatus before 
using it in quantitative work with gases, in order to free it from adsorbed water. 
He estimated the thickness of the film on glass wool by passing through the latter 
a stream of highly desiccated air: it varied from 1052 A, for a sample at 23®C. 
to 42 A. for one heated to 468®C., whilst all water was removed by heating to 
SOS'^C. Uptakes of similar magnitudes were reported by Parks in 1903 (28). 
Thus, glass wool exposed to saturated water vapor adsorbed a film 1330 A. 
thick; the appearance of the glass was unchanged, but it gave zero heat of wetting 
when dropped into liquid water. In 1920 Menzies (27) obtained films of the"*^ 
same order of thickness — ^varying between 400 and 4000 molecular layers — ^when 
he passed air saturated with water vapor through glass wool 

Trouton (1907) (34) found that when glass wool was dried in a vacuum at 
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lOO^C. for 70 hr. over phosphorus pentoxide, it adsorbed water vapor with 
greater difficulty than when it was less thoroughly dried, owing to the presence 
in the latter case of water nuclei which would initiate the adsorption process. 

Langmuir in 1916 (25) noticed the slow rate at which relatively large quan- 
tities of water vapor were given off when glass was heated, and the length of time 
required for its readsorption. Thus an incandescent lamp bulb heated for sev- 
eral homs at 500®C., after being exhausted and dried at room temperature, gave 
up water vapor corresponding to 55 molecular layers. He concluded that the 
water had penetrated to a considerable depth into the glass, essentially by a 
process of solution. Later, he found that when glass was cleaned by heating it 
with chromic acid solution and washing with water, the water given up on heat- 
ing to 3(X)®C. corresponded to 4.5 molecular layers. 

D’Huart (1925) (21) estimated the thickness of the film of water which re- 
mained adhering to glass after evacuation at room temperature in the presence 
of phosphorus pentoxide as three molecular layers. Similar results were obtained 
by Bent and Lesnick (1935) (5), using a rather different technique. The color 
change which resulted from the reaction of an ether solution of sodium triphenyl- 
methyl with water was used to determine the water left adsorbed on acid-washed 
glass after evacuation; a thickness of five molecular layers was thus found on the 
glass at room temperature and of two molecular layers at 304°C. 

McHaffie and Lenher (1925) (26) originated a method for measuring the thick- 
ness of adsorbed layers on plane glass surfaces in the neighborhood of saturation. 
They concluded that very slight adsorption of water vapor took place below 60 
per cent relative vapor pressure (apart, probably, from a monomolecular layer) 
but that the thickness of the layer rapidly increased thereafter and reached about 
200 molecular layers just below saturation. 

The work was followed up by Frazer, Patrick, and Smith (1927) (13), using 
freshly blown surfaces of glass. Very small adsorption was observed, but the 
action of liquid water and cleaning agents was found to increase the uptake 
markedly. They showed that both water and cleaning agents had a corrosive 
action on glass, destroying its planeness and in fact conferring on it a gel-like 
structure. 

Using a sensitiv'e microbalance, StrSmberg (1928) (33) obtained results similar 
to those of McHaffie and Lenher: very small adsorption at low pressures and a 
film of 250 molecular layers near saturation. He also recorded the presence of 
hysteresis effects. 

Herzfeld and Frazer (1928) (20) investigated the problem by optical methods 
and came to the conclusion that no appreciable adsorption of water vapor took 
place with relative pressures less than 0.30, and that even near saturation the 
film was less than one molecule thick. 

Using similar optical methods, Frazer (1929) (14) found that up to 0.30 rela- 
tive vapor pressure, the adsorption of water vapor on freshly cracked glass was 
confined to a monomolecular layer which could be removed completely by evacu- 
ation. Beyond this pressure a cluster formation occurred and this resulted 
in gradual covering of the surface, imtil at about 0.70 relative pressure a second 
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molecular layer was completed. At higher pressures more extensive condensa- 
tiooi took place, and at 0.90 relative pressure the adsorbed film was eight mole- 
cules thick. 

Smne workers have reported appreciable adsorption at quite low pressures, 
however; for example, Frank (1929) (12) found, using Pyrex glass tubes cleaned 
with boiling chromic acid solution, that the adsorption amounted to a film two 
molecules thick even at a relative pressure of only 0.005. Similar results were 
obtained by Barrett and Gauger (1933) (4): viz., one molecule thick at 0.003 and 
four molecules thick at 0.03 relative pressures. In both cases the adsorption was 
found to obey approximately the Freundlich isotherm. 

Recently, Itterbeek and Vereycken (1941) (22) have shown that above ISO'C. 
no adsorption of water on glass occurred. At lower temperatures the isotherm 
possessed an inflection point at a place corresponding to the formation of a 
second molecular layer; and the geometric surface of the glass plates used agreed 
satisfactorily with the area calculated from adsorption values of water and other 
vapors. 

It is clear from this brief survey that there are wide differences of opinion as 
to the extent of the adsorption of water vapor on glass: estimates of the thickness 
of the adsorbed film near saturation vary from a few molecular layers to several 
hundreds. This disagreement is not surprising in view of certain facts. In 
the first place, the thickness of the adsorbed film was estimated in all cases, 
except where optical methods were used, on the basis of the apparent surface, 
and this may frequently have amoimted to only a small fraction of the real sur- 
face,^ for glass is highly sensitive to the attack of cleaning agents and even to 
water itself. In the second place, the use of different kinds of glass of unspecified 
composition renders comparison between the results of different workers very 
difficult. Finally, the experimental difficulties associated with the measurement 

adsorption on small surfaces of few square meters in area have caused most 
investigations to be limited to one end or the other of the adsorption isotherm, 
and few have attempted to cover the w’hole pressure range from near zero to 
near saturation. 

In the present work an attempt has been made to meet some of these de- 
ficiencies. The adsorption of water vapor has been measured over a wide range 
of relative pressure on glass samples of the same and known composition. The 
glass has been made into fibres, powder, and microspheres and treated in a 
number of different ways, some of which might be expected to change the surface 
area scarcely above the apparent surface, while others would give extensive 
increase. 


II. APPARATUS AND TECHNIQUE 

The apparatus used in the present investigation resembles that of Bangham 
and Mosallam (2) and is shown in figure 1. The essential point in devising 

* J. L. Shereshefsky and C. E. Wier (J. Am. Chem. Soc. 88, 9022 (1936)) found that the 
surface of glass balls as determined from the adsorption of methylene blue was approxi- 
mately 6S times the geometric surface. 
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this apparatus is to avoid the use of stopcocks (and tap grease) by replacing them 
wi^ mercury cut-outs. 

It comprised a supply system BAB', a calibrated gas buret C, a pressure gauge 
DD', an adsorption bulb E, three mercury cut-outs Fi Fj F», a McLeod gauge 
reading to 5 X 10~* mm. of mercury, and a train of phosphorus pentoxide tubes 
leading to a mercury diffusion pump coupled with a Cenco-Hyvac high-vacuum 
oil pump. 

The gas buret, the manometer, the adsorption vessel, and the two cut-outs 



Fig. 1. The apparatus 

Fj and Fg were all immersed in a thermostat kept at a temperature constant to 
within 0.01°C. The mercury in the three cut-outs was raised or lowered by 
means of pressure or vacuum applied to reservoirs through the three-way taps 
Hi H* Hg. 

The dead space of the adsorption bulb and coimecting tubes w'as determined 
by introducing a suitable volume of very dry purified nitrogen into the system 
and then setting the thermostat at the required temperature. By means of 
taps Hg and Hg the mercury was set at marks 1 and 7 on the buret and manom- 
eter, respectively, and the pressure of nitrogen taken while the limb D' of the 
manometer was under vacuum. The mercury in the gas buret was next raised 
to marks 2, 3, 4, and 5 and the corresponding pressures determined after readjust- 
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ing the mercury surface in the manometer to mark 7 each time. The vdume of 
the dead space was calculated from tiiese pressures and the known volume^ of 
the four bulbs of the gas buret. The procedure was then repeated with the mer- 
cury in the manometer raised to mark 6, when the volume of connecting tubes 
between marks 5 and 6 could be determined in a similar way. 

At the beginning of an experiment the adsorbent was evacuated in situ at the 
required temperature. For this purpose the thermostat was emptied of water 
and heat was applied to the adsorption bulb by means of a small, nichrome- 
wound, tubular electric heater, the temperature of which could be readily con- 
trolled. 

In carrying out a run, the adsorbate was first freed from dissolved gases by 
its vacuum sublimation from one of the U-tubes BB' to the other, which was 
kept immersed in a mixture of carbon dioxide snow and acetone. A suitable 
volume of the vapor of the adsorbate was then introduced into the measuring 
qrstem and imprisoned between marks 1 and 6 on the gas buret and manometer, 
respectively, and its pressure recorded. The vapor was next admitted to the 
adsorption bulb containing the pre-outgassed adsorbent by lowering the mercury 
in the manometer from mark 6 to mark 7. Any rush of mercury taking place 
was stopped by means of the float valve I from reaching the adsorption bulb. 
After the lapse of sufficient time (usually 24 hr.) the equilibrium pressure was 
recorded and the mercuiy in the buret raised to position 2. The procedure was 
repeated by raising the mercury to marks 3, 4, and 5, and finally the mercuiy 
in the manometer was raised to position 6 and the pressure of the residual vapor 
was determined before the introduction of a fresh supply of the adsorbate. The 
amount adsorbed was then calculated from the expression 273 Apr/ T X 760 X m, 
where Apr is the change in the product of the pressure p (millimeters of mercury) 
and the volume of the system r (cubic centimeters), T is the temperature of the 
experiment (°K.), and m is the amount of adsorbent (grams). Table 1 illustrates 
the calculation of a t 3 q)ical run. 

All pressure measurements were taken by means of a cathetometer reading to 
0.02 mm. and were corrected for mercury depression and temperature. 

A further correction was applied to the measured pressures in order to account 
for the deviation of water vapor from the laws of a perfect gas. From the data 
compiled by Dorsey (9) the best values for the relative departure of the specific 
volume of saturated water vapor from the ideal volume are 0.188 per cent, 0.236 
per- cent, and 0.306 per cent at 20°, 30°, and 40°C., respectively. On the basis 
that the deviation of jm from the theoretical value is proportional to the pressure 
(10), the correction which must be added to a measured pressure p (millimeters 
of mercury) is 10.7 X 10~‘ p*, 8.9 X 10~® p*, 7.4 X 10“‘p’, and 6.4 X 10'‘p* at 
20°, 25°, 30°, and 35°C., respectively. Thus the correction at 35°C. is 0.11 mm. 
at saturation pressure (42.175 mm.) and 0.03 mm. at 0.50 relative pressure. 
Table 1 diows the eaqierimental data of a run on glass microspheres and ^ves 
the amount adsorbed calculated with and without the latter correction. In 
most cases, however, this correction is very small. 

No correction was made for the adsorption water vapor on the walls of the 
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system, for blank experiments were not sensitive enough to estimate it, while 
experiments in which the amount of adsorbent was varied as much as fourfold 
showed the same degree of closeness as consecutive experiments on the same 
sample, so that the walls have no appreciable effect on the calculated adsorption. 
This is illustrated in table 2. In all cases the inner surface area of the adsorption 
bulb, which was heated with the adsorbent at 2(K)®C., was always a small fraction 
of the area of the latter (1-2 per cent), while the whole surface of the system 
was kept at a minimum. 


TABLE 1 

Adsorption of water vapor on glass microspheres at S5^C. 
Mass of glass — 12.362; apparent surface area * 6329 cm.* 


(Figure 5, Curve I) 
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4617 
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III. MATERIALS 

The glass wool used in the present work was from Schering-Kahlbaum (de“ 
scribed as lead-free, purified by acid). Analysis gave the following composition- 


SiOa ... 
B,0, . 


per cent 

' 

per cent 


per cent 


per cent 

70.9 

NajO. . . 

12.9 

MgO ... . 

0.18 

AUOz. . 

3.3 

8.0 

K,0 . . 

1.6 

CaO . 

0.5 

Fe,0, . . . 

0.25 




BaO.. . 

0,23 




The density of the gas-free glass wool was determined by a special pycnometric 
method permitting the outgassing of the glass in the pycnometer and filling the 
latter with gas-free water without exposing the glass to air. The density was 
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found to be 2.406 g./cc., in very good agreement with the calculated value 2.401 
based on the density factors assigned by Winkelmann and Schott (36) to the 
different oxides composing the glass. 

The geometric surface of the ^ass wool was determined by measuring the 
diameters of 100 fibres from their microphotographs (with magnification *■ 
376). Tbie distribution curve of these diameters is shown in ^ure 3a and the 
area was estimated to be 714 cm.Vg- 

The glass wool was washed with water or with acid under q)ecified conditions 
mentioned in the text. 

The gUm powder was prepared from the untreated glass wool by grinding it in 
an agate mortar. Only the fraction which passed twice through a sieve 325 
meshes to the inch was used. It was washed a few times with distilled water. 

The glass microspheres were prepared by a method similar to that first described 
by Sollner (32) and later by Bloomquist and Clark (6) and others. 

Thoroughly dried glass powder, prepared as described above, was carried by 
a mixture of air and oxygen to a specially constructed Butagas burner. The 
powder melted in the flame and assumed a perfect spherical form free from strain. 
The glass microspheres were gathered in a big tray filled with water, against the 
surface of which the flame was directed. Great care was taken to ensure a steady, 
slow flow of the powder, as otherwise some balls tended to stick together. The 
process was repeated several times until microscopic investigation indicated 
almost complete conversion of the powder into spheres. 

In order to get rid of the remaining very rare unsphcrical particles and also to 
obtain a fraction (tf glass balls having nearly the same diameter, the microspheres 
were subjected to repeated elutriation, using water. In this way it was possible 
to obtain a sample containing 100 per cent spheres, the diameter of 94 per cent 
of which varied between 0.042 and 0.058 mm. The distribution curve of the 
diameters of 300 microspheres measured from microphotographs is shown in 
figure 5a and the geometric surface was estimated as 512 cm.Vg. 

The water used was conductivity water freshly prepared from a Hartley still. 

The methyl alcohol was prepared from Schering-Kahlbaum’s acetone-free 
methyl alcohol by refluxing it over freshly ignited quicklime for several hours. 
The fraction used boiled at 64.8‘’C. under 761 mm. of mercury. 

IV. RESULTS AND DISCUSSION 

OtUgassing temperature 

In order to choose an appropriate outgassing temperature, the adsorption 
isotherms of water vapor were determined on a sample of glass wool evacuated 
at 25°, 100°, 200°, and 300°C. for a period of 15 hr. in each case. The results of 
the experiments in the first three cases are shown in curves I, II, and III of figiue 
2, in which the abscissa represents the relative vapor pressure, p/po, and the 
ordinate the volume adsorbed, t*, expressed in cubic centimeters (S.T.P.) per 
gram oi glass wool. 

It is evident that as the outgassing temperature is raised the g^ass surface 
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becomes cleaner, so that the adsorbed quantities increase for the same relative 
pressure. However, outgassing at 300®C. did not result in raising the adsorbed 
quantities, but rather led to values which did not show the close reproducibility 
met with in the other cases. It was also found that outgassing for a period longer 
than 15 hr. did not alter the isotherm. It was concluded, then, that outgassing 
at 200°C. for 15 hr. was most suitable. 

This observation is in close agreement with the result of Itterbeek and Ver- 
eycken (22) that no water is adsorbed on glass above 180°C. Sherwood (31) 
found also that for the removal of adsorbed gaseous products from the surface of 
glass, heating at 200°C. was practically as effective as at higher temperatures, 
especially in the case of soda glass. Above 200°C. there was a continual evolu- 
tion of gases and vapors which were considered as decomposition products from 



Fig. 2. Effect of outgassing temperature on adsorption isotherms of water vapor on glass 
wool at 26‘’C; Curve 1, glass outgassed at 25°C.; curve II, glass outgassed at lOO'C.; curve 
III, glass outgassed at 200°C. 

the glass itself. Similar observations have been made by Harris and Schu- 
macher (19) and others. 


Glass wool 

The results of experiments on glass wool treated in various wa3^ are shown 
in figure 3. In general the isotherms are all of the usual sigmoid type, except 
for the fact that with water-washed samples there seems to be another point of 
inflection between 0.70 and 0.80 relative pressure (curves I, II, and III). It 
was also noticed that this range of sorption was a region of instability, for whereas 
it was possible to reproduce closely the isotherms before and after this region, 
the degree of reproducibility here was lower. 

At low pressures the isotherm is concave to the pressure axis and, passing 
throu^ an inflection point usually about 0.30 to 0.40 relative pressure, it 
becomes convex at higher pressures, rising rapidly in the neighborhood of 0.60 
to 0.70 relative pressure. Then somewhere between 0.70 and 0.80 relative pres- 
sure the isotherm changes direction abruptly, becoming slightly less steep and 
finally rising again near saturation pressure. 
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' The piesoice of a sinular phenomenon was observed by Trouton (34), who 
foimd that the adsorption of water vapor on glass wool, dried in vacuo at 160*C. 
by exposing it to pho^horus pentoxide for 70 hr., appeared to pass through a 



Fig. 3. Adsorption isotherms of water and methyl alcohol vapors on glass wool at 30°C. 
Solid symbols are desorption points. Curve I, water on glass washed with water for half 
an hour; curve II, water on glass washed for a few hours; curve III, water on glass washed 
for 6 days; curve IV, water on glass treated with a constant-boiling mixture of hydrochloric 
acid; curve V, water on acid-treated glass pre-outgassed at SO^C.; curve VI, methyl alcohol 
on water-washed glass. 

Fig. 3a. Distribution of diameters of 100 fibres: abscissa, number of fibers; ordinate, 
diameters. 

stage of supereaturation. Thus in the neighborhood of 0.50 relative pressure, a 
rapid adsorption took place with no change of pressure or even with a alight 
diminution; and then the adsorption proceeded with a curve convex to the 
pressure axis. Trouton explained this b^avior by aamming two modes in which 
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molecules of water could arrange themselves in condensing on the surface of 
glass. In the first stage of adsorption, water vapor condensed as single mole- 
cules, while in the second stage, after the break, the molecules were associated. 
It was evident that in absence of nuclei, as after thorough drying, the latter mode 
of condensation could not happen readily and would result in the state of super- 
saturation. With less perfect drying, as with phosphorus pentoxide at room 
temperature, he found the same indication of supersaturation but to a less extent, 
owing to the presence of nuclei. It is interesting to note the similarity between 
Trouton’s picture and the existence of phase changes in adsorbed films on water 
(1) and certain vapors on solids (15). 

It is likely that the early stages correspond to the formation of an adsorbed 
phase (besides a firmly held monolayer, vide infra) differing from bulk liquid 
probably as a result of orientation. With film thickening the adsorbed phase 
changes and approaches bulk liquid after passing through the second inflection 
point. 

This phenomenon was observed only with water-washed glass wool and not 
with the acid-treated sample, neither with glass powder nor glass microspheres. 
This is probably due to a particularly strained surface of glass wool produced by 
the process of drawing the fibres during their manufacture. 

In figure 3 curves I, II, and III represent the isotherms on glass wool washed 
with water during half an hour, a few hours, and 6 days, resp^ectively. It is to 
be noted that washing with water lowered the adsorptive capacity of glass wool. 
This may appear to disagree with the common belief that when glass is exposed 
to water, its surface remains no longer plane but becomes corroded and therefore 
its adsorptive capacity should increase. It must be remembered that while this 
is true for freshly blown glass surfaces, yet longer contact with water was found 
to decrease the adsorptive capacity. This is probably the result of a very slow 
penetration of water molecules into the glass, thus saturating some of the residual 
valencies which account for adsorption. Outgassing at 2(X)°C. is efficient for 
removing the adsorbed molecules of water but may not be efficient for expelling 
the molecules that penetrated into the glass. Even outgassing at 300^0. for 15 
hr. or at 200®C. for 45 hr. did not raise the adsorption isotherm. 

On the other hand, acid treatment is found to increase greatly the adsorptive 
capacity of glass wool, as is well known. Sevenfold increase at intermediate 
pressures is obtained by boiling glass wool with a constant-boiling mixture of 
hydrochloric acid for 10 hr. and then thoroughly washing with water (curve IV, 
figure 3, and tables 2 and 3). The action of acid is to dissolve the alkali at the 
surface of the glass, rendering the latter very rough and full of cavities and small 
capillaries. The isotherm of acid-treated glass wool is very smooth and closely 
reproducible. 


GIclss powder 

The results of experiments on the adsorption of water vapor by powdered glass 
wool are shown in figure 4. With water-washed powder the isotherms ran 
smoothly, but successive experiments on the same sample led to a persistent 
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shift of the isotherm towards the pressure axis, and even after several flushings 
with water vapor no concordant isotherms were obtained. Thus curves I, II 
and 111 of figure 4 represent the first, second, and fourth runs, respectively. A 

TABLE 2 


Adsorption of water vapor at SO^C. on glass wool washed with water for 6 days 


MASS Of ADSOSBENT « 4.939 g. 
BUBf ACS AREA 3^26 CIH.* 

MASS OF ABSOBBENT 21.903 g. 
susf Acx ABBA 15,640 cm.> 

Run 1 

(figure 3, curve III) . 

Run 1 

RunU 

PlP9 

Amount adsorbed 

t/h 

Amount adsorbed 

t/t* 

Amount adsorbed 


ec./gratn 


ccjgftm 


cc^IgTom 

0.0359 

0.084 

0.0240 

0.077 

0.0131 

0.041 

0.0679 

0.102 

0.1563 

0.129 

0.1904 

0.134 

0.2937 

0.152 

0.1854 

0.141 

0.2355 

0.148 

0.3673 

0.168 

0.3855 

0.165 

0.4762 

0.176 

0.6030 

0.194 

0.4275 

0.177 

0.6380 

0.207 

0 6558 

0.208 

0.5082 

0.191 

0.7087 

0.234 

0.7047 

0.236 

0.6473 

0.209 

0.7374 

0.261 

0.7516 

0.282 

0.7071 

0.230 



0.7905 

0.344 

0.7415 

0.260 



0*8487 

0.398 

0.7834 

0.338 



0.8773 

0.441 






TABLE 3 


Adsorption of water vapor at S0**C. on glass wool treated with boiling hydrochloric acid 


OX7TGASSEO AT 200'*C. 

(FIGUBE 3, CUBVE IV) 

1 

OVTOASSED AT 30'*C. 

(FIGUBE 3, CUBVE V) 

Adsorption 

Desorption 

Adsorption 

PlP^ 

Amount adsorbed 

p/p* 

Amount adsorbed 

PlP9 

Amount adsorbed 


cc,/gram 


ccjs^ratn 


tejgram 

0.0091 

0.617 

0.6304 

1.561 

0.0352 

0.446 

0.0116 

0.656 

0.4427 

1.434 

0.0490 

0.476 

0.0521 

0.848 

0.3372 

1.390 

0.1152 

0.570 

0.1665 

1.085 

0.2077 

1.325 

0.1999 

0.652 

0.4025 

1.237 

0.1597 

1.290 

0.3742 

0.744 

0.5094 

1.317 

0.1087 

1.250 

0.4706 

0.792 

0.5707 

1.361 

0.0918 

1.223 

0.6099 

0.866 

0.5971 

1.381 



0.7036 

0.955 

0.6392 

1.438 



0.7820 

1.090 

0.7932 

1.696 



0.8923 

1.444 

0.8622 

1.872 






similar bdiavior was observed by Lambert and Foster for the system water vapor- 
silica gel (24), by Harbard and King for chloroform-chromic oxide (18), and 
by Rao for water vapor-ferric oxide (30). These authors attributed the effect 
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to volume chan^eb in the gel. to the destruction of small capillaries by the process 
of adsorption, and to the growth of particles, respectively. 

The phenomenon was certainly not due to imperfect outgassing, for the same 
behavior was observed with powders outgassed for longer periods and at higher 
temperatures. Nor could it be attributed to the removal of impurities by 
repeated flushing, for the effect persisted even when the sample was flushed 



I I I I 

0.5 P/R 


Fig. 4. Adsorption isotherms of water vapor on glass powder at 25®C. Solid symbols are 
desorption points. C'urve I, first run on water-washed powder; curve II, second run; curve 
III, fourth run; curve IV% glass powder treated with cold 2 N hydrochloric acid for a week; 
curve V , glass powder treated with a constant-boiling mixture of hydrochloric acid and pre- 
outgassed at 200°C\ ; curve VI, same treatment but outgassed at 25°C. 

several times. Besides, cleaning the surface would increase rather than decrease 
the adsorptive capacity. 

However, when the powder was treated with cold 2 N hydrochloric acid for a 
week and then thoroughly washed with distilled water, the shift of the isotherms 
occurred to a much less extent. It disappeared completely when the powder was 
boiled with a constant-boiling mixture of hydrochloric acid for 10 hr. and then 
thoroughly washed with water. Meanwhile, it was found that treating the glass 
powder with cold or hot hydrochloric acid increased its adsorptive capacity at 
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intamediate pressures about two- or eight-fold, respectively (curves IV and V 
of figure 4 and tables 4 and 5). 

As this drift occurred only in the case of powdered glass and not in the case of 
the original wool (described as washed with acid) or microspheres prepared by 

TABLE 4 


Adsorption of water vapor on glass powder at 26**C, 


UNTKEATED POWDEX 
(VIGUXB 4, CURVE 1 

POWDEK WASHED WITH COLD 2 N HYDROCHLOEIC ACID 
(nCURE 4, CURVE IV) 

Adsorption 

Adsorption 

Desorption 

tit% 

Amount adsorbed 

P/P9 

Amount adsorbed 

#/#• 

Amount adsorbed 


cc.lgram 


cc./gram 


cc./gram 

0.0204 

0.150 



mmm 

0.563 

0.1744 

0.256 

0.1646 

0.328 


0.529 

0.2857 

0.302 

0.2416 

0.367 

BImH 


0.4310 

0.347 

0.4327 

0.415 

mSmm 


0.5552 

0.392 

0.5571 

0.450 

WSBM 

0.465 

0.6333 

0.423 

0.7164 


mSmm 

0.448 

0.7216 

0.458 

0.8243 

0.552 



0.7973 

0.501 

0.8502 

0.581 



0.8660 

0.558 





0.9055 

0.624 






TABLE 5 


Adsorption of water vapor at 25^C. on glass powder treated with boiling hydrochloric acid 


OUTGASSED AT 200**C. 

(PIGURE 4, CURVE V) 

OUTGASSED AT 0*C. 

(figure 4, CURVE VI) 

Run I 

RunU 

Adsorption 

Desorption 

p/pt 

Amount 

adsorbed 

p/p^ 

Amoutf 

adsorbed 

P/P9 

Amount 

adsorbed 

pipt 

Amount 

adsorbed 


cc./gram 


cc./gram 


cc./gram 


cc./gram 

0.0152 


mmm 

mmm 


0.710 

0.7396 

1.484 

0.0551 

1.241 

mmm 



0.799 

0.5199 

hh 

0.1002 

1.464 

IBI 

1.793 


0.950 

0.4017 

w^m 

0.1413 

1.609 

0.4612 

1.965 

0.2357 

1.057 

0.0685 

0.851 

0.5575 

2.072 

0.6424 

2.144 

0.3391 

1.158 

0.0495 

0.762 

0.6901 

2.197 

0.8712 

2.165 

0.5811 

1.328 



0.7600 

2.291 



0.7546 

1.462 



0.8383 

2.484 



0.8412 

1.693 







0.8876 

1.867 




fusion, it is probably due to the exposure of certain constituents or structures of 
the glass in its interior as a result of the breaking down of glass fibres. The 
freshly formed surface might contain free alkali which took up water molecules 
slowly and irreversibly, the latter probably penetrating into the surface. Fire 
polisl^g, in the case of microspheres, and acid treatment in the case of powder 
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would lead to removing the alkali and coaling the glass surface with a siliceous 
film, thus eliminating the cause of the drift. 

Glass microspheres 

lv^o series of experirnemts were carried out on glass splnux's and the Jesuits 
obtained aie represented graphically in figur<> .5. Curve I gives the adsorption 
isotherm on water-washed sphei-es and cnirve II that obtained with the spheres 
after being boiled with a constant-boiling mixture of hydrochloric acid foi' 10 hr. 


20 40 60 No. 



Fkj. 5. Adsorption isothiMins of water vapor on ^lass mierospheros at 85°C Solid 
Hvinhols ar(‘ desorption points Curvv 1, spheres washed with \Nater, curve TI, spheres 
treated with a constant -boiling mixture of hydrochhiric acid 

luo. 5a. Distribution ot diaimders of .'l(K) microsph(*res • abscissa, niiinb(*r of spheres, 
ordinate, diameters 


The cAu ves dilhu’ slightly in shape from those of glass wool tind glass powder, 
in being flatter at low and high i*elative pn'ssures. They also do not show a 
second point of inflection cori’esponding to the (‘ase of glass wool, and an' very 
closely repi'oducible, unlike the case of powdered glass. This is probably due to 
the existence of a i)iedominantly siliceous coaling on the suiface of the sphei*es 
as a I'esult of fii’e polishing and prolonged contact with water. This view is 
supported by the fact that, acid treatment inci-eased the adsoiptive capacity of 
glass spheres by 150 per cent only, whereas in th(^ case of gla ss wool and glass 
powder the increase, was about GOO per cent. 
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The thickness of adsorbed fdms 

The three forms of glass experimented with showed irreproducible hysteresis, 
^vhieh depended upon the point from which desorption proceeded (figures 3, 4, 
and 5). Moreover, the desorption curve did not join again the adsorption curve 
even at low pressures, unlike the case of silica gel (29) and other adsorbents. This 
is in agreement with the common belief that the water adsorbed by glass is made 
up of two parts: one part being readily removed by pumping and thus loosely 
held, the other part being held firmly and driven olT only by heating at higher 
temperatures. 

In order to determine the two parts separately, (experiments were done in whi(5h 



Fig. 51). Mirrophoto^^raph of glass 8f)hrr(‘s; magnification =* 37() 


the glass, aft('r being saturated with water vapor in an oi'dinary run, was evacu- 
ated for 15 hr. at I'oom temi)ei*ature to a prcssui'c l(\ss than 10 mm. of mercury, 
and then an adsorption isotheim was determined as usual. The results obtained 
on the acid-treated glass wool and glass powder are shown by the dotted (;urv(^s 
in figures 3 and 4. These isotherms undoubtedly represent the physical adsorp- 
tion of water vapor on glass, for desorption curves almost coincide with the ad*- 
sorption curves with hardly any hysteresis, as is shown in figure 4. Tl^ differ- 
ence between the values adsorbed in these runs and the correspondinji: values 
in the original runs when the glass was outgassed at 2()0°C. represents water held 
firmly probably through chemisorption or solution. Incidentally, this difference 
is found to be almost constant at intermediate pressures (see parallel curves 
IV and V in figure 3 and curves V and VI in figure 4) and to be ecjual to the 
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monolayer capacity, as determined by the method of Brunauer, Emmett, and 
Teller (7). 

According to these authors, the isotherm equation of multimolecular physical 
adsorption on a free surface is given by the equation 

P = L + . 1 . (1) 

v(Po - v) fmC VmC Po 

where Vm is the monolayer capacity, i.e., the volume of gas adsorbed when the 



0.1 0.2 P/f? 

Fig. 6. 



Fio. 6. Plots according to Brunauer, Emmett, and Teller. Curve I, water on acid-treated 
glass wool outgassed at room temperature; curve II, water on acid -treated glass pow- 
der outgasscd at room temperature; curve III, methyl alcohol on water-washed glass 
wool outgassed at 200®C. (ordinate scale on right-hand side). 

Fig. 7. Curve I, Frank ^s results, 20®C.; curve II, Barrett and Gauger^s results, 29®C.; 
curve III, water-washed glass wool, 30®C.; curve IV, acid-treated glass wool, 30°C.; curve V, 
water-washed microspheres, 35®C.; curve VI, acid-treated microspheres, 35°C.; curve VII, 
Itterbeek and Vereycken's results, 0°C.; curve VIII, Itterbeek and Vereycken’s results, 
42®C. 


entire surface of the adsorbent is covered with a complete unimolecular layer^ 
and c = being the average heat of adsorption of the first layer, 

and El the latent heat of condensation of the vapor. R and T are the usual 
constants. 

In figure 6 the values of p/v(po — p) are plotted as a function of p/po for the 
adsorption of water vapor on acid-treated glass wool (curve I) and glass powder 
(curve II) pre-outgassed at room temperature. The experimental points falj 
well on straight lines up to about 0.30 relative pressure, as demanded by the 
Brunauer, Emmett, and Teller procedure. From the intercepts of the curves. 
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1/vmC, and title slopes, (c — l}/vac, the monolayer capacities ate found to be 0.544 
and 0.825 cc. (S.T.P.) of water vapor per gram, respectively. The difference 
(El — El) between the average heat of adsorption of the first monolayer and the 
heat of liquefaction is estimated as 2710 and 2770 cal./gram-mole, reEqpectively. 
The smaU difference between the net heats of adsorption obtained on two sam* 
pies, one having approximately double the sorption capacity of the other, support 
tire view of physical adsorption in this case. 

Taking the area of one molecule of water as 10.5 A.‘, the surface areas of acid- 
treated glass wool and glass powder become 15,450 and 23,430 cm.Vg>, respec- 
tively, i.e., about twenty-one times as much as the geometric surface in the case 
of glass wool. 

This estimate is substantiated by calculating the compressibility of the ad- 
sorbed film, a quantity which proved lately in the hands of several investigators 
to be of great value in studying the properties of films (17, 23). In particular, 
Gregg and Maggs (17) have shown that the compressibility of adsorbed films 
is largely a property of the adsorbate rather than the adsorbent; so that the 
minimum compressibilities of films of a certain adsorbate on different adsorbents 
including plane surfaces and porous solids are of the same order. 

The compressibility of an adsorbed film is defined by analogy with the com- 
pressibility of matter in bulk as: 


1 d4 

* a' 


( 2 ) 


where A is the area per molecule adsorbed and F the surface pressure of the film. 
dF can be calculated from the Gibbs isotherm applied to the adsorption of 
solids (3), viz.: 

dF^r-RTdlnp (3) 

where r is the number of moles adsorbed per cm.^, and R and T have their usual 
meaning. 

If V is the volume in cubic centimeters (S.T.P.) adsorbed by 1 g. of an adsorbent 
of specific area S, it can be easily shown that 

22,4002 d(l/t>) ,,, 

■ -RT- ■ dl^ 

Thus the compressibility of the film can be determined from the tangent to 
the curve obtained by plotting 1/v against In p, if the specific area is known. 
In the case of glass wool, using the estimated area 15,450 cm.Vg., the minimum 
value of K is 3.5 X 10~’ c.G.s. units, a value which is in good agreement with the 
compressibilities of films of water on mercury, silica gel, and charcoal calculated 
by Gregg (16). On the other hand, if the geometric surface (714 cm.VgO is 
used in calculating k, a value twenty-one times as small is obtained, but in no 
case has such a low value been foimd for films of water on other adsorbents. 

In the ease of water-washed glass wool the real surface is found to be two to 
three times its apparent surface, depending on the time of cimtact with water. 
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Experiments with methyl alcohol (curve VI, figure 3) confirmed this result, for 
the monolayer capacity according to the method of Brunauer, Emmett, and 
Teller is 0.04 cc./g. (curve III, figure 6), giving a surface factor of 2.7, on the 
assumption that a molecule of methyl alcohol occupies 17.7 A.* 

Comparison with published data 

The results obtained here are in good agreement with those found by some 
authors. Thus the difference between the amounts adsorbed on glass wool, 
washed with water for 6 days, when it is outgassed at 200®C. and at 30“C. is 
9 X 10“* mg./cm.* of the geometric surface, in surprisingly good agreement 
with the value obtained by d’Huart (9 X 10“® mg./cm.*) for the amount of water 
retained by glass after outgassing at room temperature in the presence of phos- 
phorus pentoxide (21). 

It is found that for the different samples of glass the amounts adsorbed at 

0.20 and 0.80 relative pressures correspond closely to one and two molecular 
layers (besides a firmly held monolayer). Frazer (14) obtained at 0.30 and 0.70 
relative pressure a film thickness equal to one and two molecular layers, 
respectively. 

The results are also in qualitative agreement with those of Frank (12) and 
Barrett and Gauger (4), who found that the adsorption isotherms obeyed 
approximately the Freundlich equation. In figure 7 are shown the double 
logarithm isotherms of Frank (curve I) and Barrett and Gauger (curve II), 
together with those on water-washed and acid-treated glass wool (curves III 
and IV) and glass microspheres (curves V and VI). The amount adsorbed is 
expressed as grams per square centimeter of the geometric surface. The points 
fall reasonably on a straight line up to about 0.50 relative pressure, and the 
curves of Frank and of Barrett and Gauger fall naturally between the curves 
of the water-washed and acid-treated glass, as is expected from the description 
of their glass. Comparison shows that the estimate of these authors for the 
thickness of the adsorbed film as two and four monolayers at very low pressures 
would fall to less than one molecular layer if the roughness of the surface were 
taken into consideration. The results of Itterbeek and Vereycken (22) are also 
included for comparison (curves VII and VIII) . The double logarithm isotherms 
are not linear, since these authors found better agreement with the Langmuir 
equation, and the Brunauer, Emmett, and Teller equation, for experiments at 
42®C. (curve VIII) and at 0®C. (curve VII), respectively. 

V. SUMMARY 

1 . The literature of the work on the adsorption of water vapor by glass surfaces 
has been reviewed. 

2. Adsorption isotherms of water vapor have been determined on a glass of 
known composition in the form of fibres, powder, and microspheres. 

3. The three surfaces show different adsorptive capacities per unit area of the 
gieometric surface, and the amounts adsorbed are varied to different degrees by 
the same treatment of the glass. 
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4. It has been found that the adsorption of water vapor on glass surfaces is 
due partly to a firmly held (chemisorbed ?) monolayer which cannot be removed 
by pumping at room temperature, and partly to a physically adsorbed film, the 
thickness of which becomes one molecule at about 0.20 relative pressure, two 
molecules at 0.80 relative pressure, and several molecules at higher pressures. 

5. The real surface is about two to three tiihes greater than the geometric 
surface in the case of water-washed glass and about ten to twenty times in the 
case of acid-treated glass. 

The authors wish to express their thanks to Dr. S. J. Gregg for kindly reading 
through this paper and for suggesting the calculation of the compressibility of 
the adsorbed films. 
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THE SURFACE TENSION AND VISCOSITY OF SOLUTIONS OF 

URANYL SALTS 
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Tatem Laboratories^ University College^ Cardiff y Wales 

Received November 18 y 1947 

The surface tension of water is increased by a dissolved salt, and Bugliginsky 
(4) and Quincke (28) have shown that the variation of the surface tension, ctc, 
of a salt solution at constant temperature with its concentration, c, is well repre- 
sented by the linear equation 


(Te = o-oCl + kc) 

where ao denotes the surface tension of the solvent apd fc is a positive constant. 
To cover still wider ranges of concentration and other solutes besides salts, 
Freundlich (11) has put forward the exponential formula 

cTc = <^0(1 + fc'c”) 

where fc' and n are constants dependent on temperature, solute, and solvent, but 
here /c' is not necessarily positive. According to Heydweiller (15), however, the 
surface tension of very dilute solutions of salts does not vary simply linearly with 
concentration, and Jones and Ray (20) find a minimum capillary rise at about 
millinormal concentration. The effect of electrolyte on the surface tension of a 
solvent has been further discussed by several workers (26, 30). The depressions 
of surface tension observed by Jones and Ray amount only to 0.01 to 0.02 per 
cent of that of pure water, a difference too slight to be observable by the method 
of measurement adopted in the present work. 

Dissolved salts generally increase the viscosity of water, but, as Wagner (31) 
found, the chlorides of potassium, rubidium, cesium, and ammonium, and thal- 
lous nitrate have the opposite effect. It was found by Griineisen (13) that the 
function (ijc/tjo — l)/c passed through a minimum value at about seminormal 
concentration whether the salt increased or reduced the viscosity, i;o, of the sol- 
vent, ffe denoting the viscosity of a solution of concentration c. The existence 
of this effect was confirmed by Jones and Dole (17) and ascribed by them to 
interionic attraction. Jones and Talley (21) showed that for several salts in 



1228 vr. JB. GRANT, W. J. DARCH, 8. T. BOWDSN, AND W. 3. JONBS 


aqueous solution the variation of viscosity over fairly wide ranges of ocRicentra- 
tion was given by the relation 

= 1 + Ay/i: + Be 

Vo 

where ^ is a positive constant and B is a constant, positive for a salt that increases 
the viscosity, but negative for a salt that decreases the viscosity of the solvent. 
The evaluation of the constant A in terms of the ionic conductances at zero con- 
centration, the dielectric constant and viscosity of the solvent, and the tempera- 
ture has been effected by Falkenhagen, Dole, and Vernon (9, 10), and the general 
correctness of this expression for A and the applicability of the above equation 
have been confirmed experimentally by a munber of investigators (5, 16, 22, 23, 
27), though A has been found to be negative for aluminum and nickel chlorides 
in ethanol by Dolian and Briscoe (7) and for ammonium sulfamate in water 
by Schmelzle and Westfall (29). Onsager and Fuoss (25) have also discussed 
the general theory of the interionic effect, and according to Jones and Fomwalt 
(18) their treatment simplifies to the relation: 

== 1 -I- Ay/i + Be + Dclogc+ • • • 

Vt 

The object of the present investigation has been to examine the influence of 
uranyl salts on the surface tension and viscosity of water and methanol, and to 
ascertain whether the effects can be formulated in accordance with the above- 
mentioned equations. 


EXPERIUENTAL 

Preparation of materials and solutions 

Uranyl nitrate hexahydrate of analytical grade was allowed to stand under 
sodium-dried benzene for 24 hr. in order to remove the film of moisture adhering 
to the crystals; the benzene was decanted and the crystals were freed from 
benzene by washing with dry petroleum ether; the hexahydrate thus treated had 
a purity of 99.92 per cent. Uranyl acetate dihydrate had a purity of 99.84 
per cent after similar treatment. Anhydrous uranyl acetate was prepared 
from the dihydrate by entrainment distillation of the water with heptane, and 
the purity of the salt thus obtained was 99.60 per cent. Anhydrous uranyl 
nitrate could not be obtained by this method, owing to the occurrence of decom- 
position with evolution of nitrous fumes. 

The liquids used in the investigation were subjected to the following purifica- 
tion processes: Water was distilled in an all-glass apparatus with the distillation, 
condensing, and receiving units sealed to one another to avoid contamination with 
grease. Benzene was dried over calcium chloride and then distilled from sodium 
wire. Methanol was obtained in the anhydrous condition by treatment of the 
liquid with magnesium methoxide prepared in situ (24). 

Since anhydrous uranyl nitrate was not available, measurements were carried 



8UKFACE TENSION OP URA.NYL SALT SOLUTIONS 


1229 


out on the hexahydrate in methanol. The low solubility of anhydrous uranyl 
acetate in water and in methanol limited the investigation to dilute solution, but 
the solubility of the dihydrate in methanol permitted the examination of a 
series of these solutions. Each solution was freshly prepared at 20®C. in a 100- 
cc. flask, care being taken to avoid undue exposure to light; the solution was 
generally used for the measurement of density, surface tension, and viscosity over 
the entire temperature range of the experiments. Densities were determined 
by means of pycnometers with capacities of 10 cc. and 25 cc., respectively, using 
standardized weights and applying the usual buoyancy corrections. 

Surface tension and viscosity determinations 

The measurement of the surface tension of the pure liquids and solutions waS 
carried out by the differential bubbling method, using the form of instrument 
described by Bowden and Butler (3). The apparatus was immersed in a thermo- 
stat (containing water or a solution of calcium chloride) provided with a bimetal- 
lic thermoregulator in circuit with a hot-wire vacuum switch which gave 


TABLE 1 

Density f surface tension, and viscosity of solvents 



o*c. 

20*C. 

2S*C. 

30*C. 

! 3S*C. 

I 

40*C. 

so*c. 

60*C. 

80*C. 

lOOT. 


\d 


0.9993 

0.9983 

0.9965 

0.9954 

0.9938 

0.9924 

0.9883 

0.9833 

0.9718 

0.9584 

Watfw " 



75.8 

72.6 

71.5 

70.5 

69.8 

69.1 

67.4 

65.9 

62.2 

59.2 




1.793 

1.006 

0.893 

0.800 

0.724 

0.657 

0.550 

0.469 





fj . . 

0.8098 

0.7916 

0.7867 

0.7823 

0.7776 

0.7727 

0.7630 

0 7537 



Methanol ] 


24.7 

22.7 


21.8 


20 9 

20.1 

19.0 




1 

in . 

0.801 

0.589 

0.551 

0.512 

0.477 

0.445 

0.391 

0.346 




a maximum tolerance of 0.04 ®C. over the temperature range of the experiments. 
The instrument was calibrated with dry benzene, for which the surface tension 
at 20°C. was taken as 29.1 dynes per centimeter. 

For the viscosity measurements an all-glass viscometer was constructed ac- 
cording to the specifications of the British Engineering Standards Association, 
and the design incorporated the recommendations made by Barr (1 ) . The instru- 
ment was provided with a ground-glass stopper which had a by-pass to the 
capillary limb and also an orifice to bring the two limbs into communication so 
that the determination could be carried out in a dust-free atmosphere in a closed 
system. To avoid vapor losses the bulb of the viscometer was filled by applying 
pressure to the receiving limb. Times of flow were observed by means of a 
stopwatch which was periodically calibrated against a standard chronometer. 
The viscometer was set vertically in a thermostat whose temperature was 
controlled to 0.005®C. by a Sunvic electronic relay in conjunction with a toluene- 
mercury regulator provided with a bimetallic proportionating head. 

In view of the differences of opinion (2, 8, 19) which still prevail concerning 
the form and magnitude of the correction to be applied to viscosity measurements 



TABLE 2 


Uranyl nitrate hexakydrate in water 


namaui.* 

TUIE 

c 

d 

9 

n 

c 

d 

9 

n 

• c . 









0 

0.1529 

1.0509 



0.2291 

1.0740 

76.4 

1.98 

20 





0.2286 

1.0714 

7^.3 

1.11 

25 

0.1523 

1.0473 



0.2283 

1.0703 

72.4 

0.989 

30 

0.1521 

1.0459 



0.2280 

1.0687 

71.6 

0.884 

35 





0.2277 

1.0671 

70.6 

0.796 

40 

0.1515 

1.0420 


0.691 

0.2273 

1.0651 

69.8 

0.726 

50 

0.1507 

1.0365 


0.580 

0.2262 

1.0609 

68.5 

0.603 

60 

o.isoi 

1.0324 


0.492 

0.2253 

1.0559 

66.9 

0.514 

80 





0.2230 

1.0457 

63.2 


100 





0.2201 

1.0315 

59.9 


0 

0.4127 

1.1328 

76.6 

2.19 

0.4842 

1.1575 


2.26 

20 

0.4112 

1.1291 

73.4 

1.22 

0.4828 

1.1540 


1.28 

25 

0.4107 

1.1275 

72.7 

1.09 

0.4821 

1.1522 


1.14 

30 

0.4102 

1.1260 

72.0 

0.974 

0.4815 

1.1506 


1.02 

35 

0.4094 


71.3 


0.4804 

1.1488 


0.915 

40 

0.4088 

1.1219 

70.4 


0.4800 

1.1477 


0.832 

50 

0.4071 

1.1175 

69.0 


0.4777 

1.1423 


0.696 

60 

0.4053 

1.1124 

67.5 


0.4755 

1.1369 


0.587 

80 

0.4019 

1.1026 

63.6 






100 

0.3966 

1.0889 







0 

0.6250 

1.1985 

76.8 

2.43 

0.8316 

1.2701 

77.6 


20 

0.6219 

1.1920 

73.7 

1.33 

0.8271 

1.2634 

74.6 


25 

0.6210 

1.1903 


1.22 

0.8260 

1.2615 

73.9 


30 

0.6201 

1.1886 

72.2 

mSm 

0.8247 

1.2596 

73.4 


35 

0.6191 

1.1867 

71.5 


0.8231 

1.2570 

72.7 


40 

0.6181 

1.1847 


Mgs 

0.8215 

1.2546 

71.8 


50 

0.6158 


69.2 


0.8181 

1.2495 

70.3 


60 

0.6131 

1.1748 

67.8 


0.8145 

1.2440 

1 69.0 


80 


1.1642 

64.2 


0.8063 

1 1.2314 

65.0 


100 

0.5995 

1.1492 



0.7980 

1.2187 

61.9 



TABLE 3 


Uranyl acetate dihydrate in water 


IKlfPEBATUCE 

c 

d 

9 


* C . 

0 

0.02391 

1.0079 

75.0 

1.77 

20 

0.02383 

1.0045 

71.5 

0.992 

25 

0.02380 

1.0032 

70.6 

0.879 

30 

0.02377 

1.0019 

69.7 

0.789 

35 

0.02374 

1.0009 

68.7 


40 

0.02370 

0.9987 

68.2 

0.663 

50 

0.02360 

0.9947 

66.7 

0.542 

60 

0.02348 

0.9900 

65.0 

0.463 

80 

0.02322 

0.9788 

61.4 


100 

0.02288 

0.9642 

58.6 
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TABLE 4 

Uranyl nitrate hexahydrate and uranyl acetate dihydrate in water 


TEMPESATUSE 

c (nitrate) 

c (acetate) 

d 

a 

•C. ! 

20 

0.1977 ! 

0.02324 1 

1.0678 

72.5 

25 

0.1974 

0.02320 

1.0664 

71.6 

30 

0.1972 

0.02318 

1.0650 

71.1 

35 

0,1969 

0.02314 

1.0633 

70.2 

40 

0.1965 

0.02310 

1.0614 

69.0 

50 

0.1958 

0.02301 

1.0573 

67.2 

60 

0.1949 

0.02291 

1.0523 

66.2 

80 

0.1929 

0.02267 

1.0411 

62.9 

100 

0.1900 

0.02232 

1.0256 

59.4 


TABLE 6 


Uranyl nitrate hexahydrate in methanol 


TEUPERA* 

TURE 

c 

d 

a 

n 

c 

d 

9 

n 

• c . 









0 

0.10050 

0.8482 

25,0 

0.950 

0.2043 

0.8878 

25,5 

1.10 

20 

0.09826 

0.8294 

23.2 

0.665 

0.1999 

0.8686 

23.7 

0.778 

25 

0.09770 

0.8247 

22.8 

0.616 

0.1987 

0.8636 

23.2 

0.714 

30 

0.09718 

0.8204 

22.2 

0.572 

0.1976 

0.8587 

22.8 

0.659 

35 

0.09658 

0.8153 

21.7 

0.534 

0.1965 

0.8539 

22.3 

0.609 

40 

0.09603 

0.8106 

21.3 

0.496 

0.1954 

0.8491 

21.9 

0.567 

50 

0.09493 

0.8013 

20.4 

0.431 

0.1932 

0.8395 

21.1 

0.489 

60 

0.09378 

0.7916 

19.5 

0.378 

0.1911 

0.8302 

20.2 

0.428 

0 

0.2974 

0.9229 

26.2 

1.27 

0.3947 

0.9602 

26.8 

1.45 

20 

0.2931 

0.9033 

24.3 

0.883 

0.3865 

0.9404 

24.9 

1.01 

25 

0.2916 

0.8984 

23,9 

0.812 

0.3845 

0.9356 

24.4 

0.922 

30 

0.2899 

0.8932 

23.4 

0.766 

0.3824 

0.9307 

23.9 

0.843 

35 

0.2886 

0,8890 

22.9 

0.709 

0.3805 

0.9258 i 

23.6 

0.775 

40 

0.2870 

0.8841 

22.5 

0.648 

0.3784 

0.9206 

23.2 

0.715 

50 

0.2837 

0.8740 

21.7 

0.554 

0.3743 

0.9107 

22.2 

0.606 

60 

0.2806 

0.8646 

20,7 

0.480 

0.3701 

0.9007 

21.2 

0.519 

0 

0.5128 

1.0015 

27.4 

1.75 





20 

0.5023 

0.9811 

25.6 

1.19 





25 

0.4997 

0.9759 

25.1 

1.08 





30 

0.4972 

0.9709 

24.7 

0.981 





35 

0.4945 

0.9658 

24.3 

0.893 





40 

0.4922 

0.9614 

23.9 

I 0.817 





50 

0.4868 

0.9508 

23.0 

0.692 





60 

0.4816 

0.9408 

22.1 

1 0.586 






for the influence of surface tension, the values of the viscosity given in the present 
work have not been corrected for this effect. 

The values found for the density, surface tension, and viscosity of the pure 
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solvents are contained in table 1 , where d is the density in grams per cubic centi* 
meter, <r is the surface tension in dynes per centimeter, and 17 is the viscosity in 
centipoises. 

The results for the solutions are listed m tables 2 to 7, where c is the concentra- 
tion of the dissolved compound in moles ]^r liter of solution. 

TABLE 6 


Uranyl acetate dihydrate in methanol 


TBICFBRA- 

TUKB 

c 

d 

v 

n 

c 

i 


V 

•c. 

0 

0.03248 

0.8199 

24.8 


0.07194 

0.8325 

24.9 

0.825 

20 

0.03178 

0.8023 

23.0 


0.07036 

0.8141 

23.0 

0.603 

25 

0.03161 

0.7980 

22.4 


0.06995 

0.8095 

22.5 


30 

0.03142 

0.7932 

21.9 


0.06956 

0.8050 

21.9 

0.523 

35 

0.03124 

0.7886 

21.5 


0.06915 

0.8002 

21.5 


40 

0.03105 

0.7838 

21.0 


0.06876 

0.7956 

21.0 

0.456 

50 

0.03067 

0.7743 

20.2 


0.06792 

0.7859 

20.0 

0.401 

60 

0.03028 

0.7645 

19.3 


0.06708 

0.7762 

19.4 

0.353 

0 

0.1446 

0.8558 

25.0 

0.910 

0.2147 

0.8772 

25.2 

0.965 

20 


0.8366 ! 

23.1 

0.647 

0.2100 

0.8580 

23.1 

0.686 

25 

0.1398 

0.8318 I 

22.6 

0.600 

0.2088 

0.8533 

22.6 

0.635 

30 


0.8269 1 

22.1 

0.559 

0.2077 

0.8484 

22.2 

0.592 

35 

0.1382 

0.8222 

21.6 

0.521 

0.2065 

0.8437 

21.7 

0.550 

40 

0.1374 

0.8174 

21.2 

0.485 

0.2053 

0.8389 

21.3 

0.504 

50 

0.1358 

0.8078 

20.3 

0.423 

0.2031 

0.8294 

20.5 

0.447 

60 

0.1342 

0.7980 

19.7 

0.378 

0.2005 

0.8194 

19.9 

0.392 


TABLE 7 


Anhydroxu uranyl acetate in methanol 


xmmATUBi 

e 

d 

9 

If 

•c. 

0 

0.02439 

0.8226 

24.8 

0.815 

20 

0.02386 

0.8050 

22.9 

0.581 

25 

0.02371 

0.8000 

22.5 

0.539 

30 

0.02358 

0.7954 

22.0 

0.503 

35 

0.02345 

0.7911 

21.5 

0.470 

40 

0.02331 

0.7863 

21.0 

0.441 

50 

0.02302 

0.7766 

20.2 

0.386 

60 

0.02273 

0.7667 

19.3 

0.342 


DISCUSSION OF RESUI/TB 

The present results show that while uranyl nitrate increases the surface tension 
of water, uranyl acetate has the (q>posite ^ect. That the relative magnitudes d 
these two opposing effects vary but little with change of temperature is proved 
by the data given in table 4 for a solution which was prepared at 20'’C. to ccmtain 
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TABLE 8 

Application of Bugliginaky and Freundlich eguatioM 


Atb 


A«^olMd. 

« 1 

Arp 


Uranyl nitrate hexahydrate in water 


Temperature, 0®C.; k 

« fc' » 0.02429; 

Temperature, ^20®C.; k 

- 0.03098; k' - 


n « 1.000 


0. 03125; n- 

1.019 


0.2291 


■n 

0.6 


HQIH 

m 

■n 


0.8 

■9 

0.8 


■EH 

WSM 



1.1 

1.1 

1.0 

mmU 

WSm 

1.4 

HI 

0.8316 

1.6 

1.6 

1.8 



1.9 

19 

Temperature, 40®C.; k 

- 0.04200; jfe' - 

Temperature, 60®C.; k 

- fc' = 0.05711; 

0.04053; n« 

0.9656 



n « 1.000 


0.2273 

0.7 

0.7 

0.7 

0.2253 

'0.9 

0.9 

1.0 

0.4088 

1.2 

1.2 

1.4 

0.4053 

1.5 

1.5 

1.7 

0.6181 

1.8 

1.8 

1.5 

0.6131 

2.3 

2.3 

1.9 

0.8215 

2.4 

2.3 

2.8 

0.8145 

3.1 

3.1 

3.1 

Temperature, 80®C.; k 

- fc' - 0.05827; 

Temperature, 100°C.; k 

= A:' = 0.05603; 


n«1.000 



n = 1.000 


0.2230 

0.8 

0.8 

1.0 

0.2201 

0.7 

0.7 

0.7 

0.4019 

1.4 

1.4 

1.4 

0.3966 

1.3 

1.3 

1.4 

0.6074 

2.2 

2.2 

2.0 

0.5995 

2.0 

2.0 

1.8 

0.8063 

2.9 

2.9 

2.9 

0.7980 

2.6 

2.6 

2.6 


Uranyl nitrate hexahydrate in methanol 


Temperature, 0®C.; k 
0.2534;n« 

- 0.2087; k' = 
1.171 

Temperature, 20°C.; k *■ 0.2404; k* « 
0.3028;n» 1.203 

0.1005 

0.5 

0.4 

0.3 

0.09826 

0.5 

0.4 

0.4 

0.2043 

1.1 

1.0 

0.8 

0.1999 

1.1 

. 1.0 

1.0 

0.2974 

1.5 

1.6 

1.6 

0.2931 

1.6 

1.6 

1.6 

0.3947 

2.0 

2.1 

2.1 

0.3865 

2.1 

2.2 

2.2 

0.5128 

2.6 

2.9 

2.7 

0.5023 

2.7 

3.0 

2.9 

Temperature, 40®C.; k » 0.2636; k' *» 
0.3422;n« 1.204 

Temperature, 60®C.; k 
0.3899; n 

* 0.3225; k' « 
1.203 

0.09603 

0.5 

0.4 

■9 




0.4 

0.1954 

1.1 

1.0 



1.2 


1.2 

0.2870 

1.6 

1.6 

1.6 


1.7 

1.6 

1.6 

0.3784 

2.1 

2.2 

2.3 

0.3701 

2.3 

2.2 

2.2 

0.4922 

2.7 

3.0 


0.4816 

■■ 

3.1 

3.1 
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TACXjS B—^OotUimicd 


c 


a<rj. 

A^olMd. 

c 

a.b 

A<r, 

A<rolMd. 

Uranyl acetate dihydrate in methanol 

Temperature, 0®C.; k 

= 0.1014 

; k> - 

Temperature, 20®C.; k 

« 0.07341; fe' « 

0.1035;n« 

1.005 


0.08095:n- 1.043 


0.03248 

0.1 

0.1 

0.1 

0.03178 

0.1 

0.1 

0.3 

0.07194 

0.2 

0.2 

0.2 

0.07036 

0.1 

0.1 

0.3 

0.1446 

0.4 

0.4 

0.3 

0.1406 

0.2 

0.2 

0.4 

0.2147 

0.5 

0.5 

0.5 

0.2100 1 

0.4 

0.4 

0.4 

Temperature, 

, 40®C.; k 

= 0.08762; A;' « 

Temperature, 

60®C.; k 

- 0.1820; k' - 

0.08517;n = 

» 0.974 


0.1910;»- 1.023 


0.03105 

0.1 

0.1 

0.1 

0.03028 

0.1 

0.1 

0.3 

0.06876 

0.1 

0.1 

0.1 

0.06708 

0.2 

0.2 

0.4 

0.1374 

0.3 

0.3 

0.3 

0.1342 

0.5 

0.5 

0.7 

0.2053 

0.4 

0.4 

0.4 

0.2005 

0.7 

0.7 

0.8 


99.33 g. of the nitrate hexahydrate and 9.858 g. of the acetate dihydrate per liter 
so that the surface activities of the two solutes should annul each other. Com- 
parison of table 4 with table 1 shows that the surface tension of the solution 
containing the two solutes keeps close to that of pure water over the entire 
range of temperature. In methanol, however, the surface tension is raised by 
uranyl nitrate hexahydrate and by uranyl acetate dihydrate. 

The applicability of the Bugliginsky and Freundlich equations is shown in 
table 8, where Actb represents the difference between the surface tension of the 
solution and that of the solvent as calculated from the Bugliginsky equation, 
Ao-p the difference given by the Freundlich relation, anr^ AvoW. the experimen- 
tally observed value of Vc — <ro. Except for the system uranyl nitrate hexahy- 
drate-methanol, n so closely approaches unity that the two equations are prac- 
tically identical and each relation gives equally good correspondence between 
the observed and calculated values of Av. For the aforementioned system, how- 
ever, where the value of n is about 1.2, the Freundlich equation is in better 
accord with the experimental results. It will be noticed that the constant k' 
of this equation for a given system is a non-linear function of temperature, and 
may attain a maximum or a minimum according to the nature of the solution. 

The influence of uranyl salts on the viscosity of the liquids is seen by com- 
paring the data in tables 2 to 7 with those in table 1. At the concentrations ex- 
amined it is evident that uranyl nitrate hexahydrate increases the viscosity of 
water, and that uranyl acetate dihydrate has little effect. The viscosity of 
methanol is raised by the nitrate hexahydrate and the acetate dihydrate, but is 
only slightly influenced by the anhydrous acetate. 

The constants obtained on applying the Jones-Talley equation to the results 
pven in tables 2 to 6 are listed in table 9. In this table are also given, for three 
representative solutions, the values of the viscosity, ijoaiod., calculated using the 
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above constants, and the differences, Aij, between these values and the observed 
viscosities; these three solutions were those for which the molar concentrations at 
0“C. were, respectively, 0.4127 of uranyl nitrate hexahydrate in water, 0.2043 
of uranyl nitrate hexahydrate in methanol, and 0.1446 of uranyl acetate dihy- 
drate in methanol. 

For the range of concentration investigated the results accord satisfactorily 
with equations of the Jones-Talley t3q)e. The fact that the constant A is not 
positive for aqueous solutions of uranyl nitrate may be due to a variety of causes, 
for the ionization of uranyl salts in water is known to involve formation of com- 
plex ions which undergo change of constitution with dilution of the solution 


TABLE 9 

Constants and viscosities calculated from Jones-Talley equation 



0*C. 

20*0. 

25*0. 

30*C. 

35*0. 

40*C. 

50*C. 

60*C. 

Uranyl nitrate hexahydrate in water 

-A 

0.141 

0.142 

0.180 

0.172 

0.200 

0.180 

0.180 

0.155 

B .... 

0.7515 

0.7251 

0.8266 

0.8054 

0.8379 j 

0.8100 

0.7938 

0.7727 

17oaled. • • 

2.19 

1.21 

1.09 

0.976 ; 

0.880 ! 

0.799 

0.665 

0.570 

An 

0.00 

0.01 

0.00 ! 

0.002 

0.000 ^ 

0.005 

0.003 

0.002 


Uranyl nitrate hexahydrate in methanol 


-A 

0.320 

0.407 

0.378 

0.372 

0.312 

0.340 

0.271 

0.260 

B. .. . 

2.486 

2.509 

2.397 

2.346 

2.203 

2.183 

1.893 

1.812 

Vemiod. ... 

1.09 

0.778 

0.720 

0.665 

0.618 

0.568 

0.487 

0.427 

A,.. 

0.01 

0.000 

0.006 

0.006 

0.009 

0.001 

0.002 

0.001 


Uranyl acetate dihydrate in methanol 


-A 

0.330 

0.294 

0.300 

0.252 

0.262 

0.195 

0.220 

0.150 

B... . 

1.746 

1.465 

1.435 

1.317 

1.336 

1.156 

1.211 

1.060 

noalod. 

0.903 

0.646 

0.600 

0.558 

0.519 

0.484 

0.423 

0.376 

Aij.... 

0.007 

0.001 

0.000 

0.001 

0.002 

0.001 

0.000 

0.002 


(6, 12, 14); further, the negativity of this constant for solutions of the hydrates 
in methanol may be due partly to the effect of the water. 

SUMMARY 

The surface tension and viscosity of solutions of uranyl nitrate hexahydrate, 
uranyl acetate dihydrate, and anhydrous uranyl acetate in water and in methanol 
have been measured at a series of temperatures from 0®C. to the neighborhood of 
the boiling point of the solvent. 

The surface tension of water is raised by uranyl nitrate but is lowered by uranyl 
acetate. The surface tension of methanol is raised by uranyl nitrate hexahy- 
drate, by uranyl acetate dihydrate, and slightly by anhydrous uranyl acetate. 
The Bugliginsky equation applies to aqueous solutions of uranyl nitrate and 
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melMnol solutions of uranyl acetate dihydrate, but the Freundlich relation is in 
better accord with the resets for methanol solutions of uranyl nitrate hexahy- 
drate. 

The viscosity of water is increased by uranyl nitrate, but is little influenced by 
uranyl acetate. Uranyl nitrate hexahydrate and uranyl acetate dihydrate in- 
crease the viscosity of methanol, but the anhydrous acetate has only a slight 
eSect. Equations of the Jones-Talley type are found to be applicable over the 
range of concentrations studied, but here the constants are purely empirical, 
calculation by means of the Falkenhagen-Dole-Vemon expressions not being 
possible even for the aqueous solutions, owing to the complexity of the ionisation 
and the incidence of hydrolytic reactions. 
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WEATHERING SEQUENCE OF CLAY-SIZE MINERALS IN SOILS 
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Considerable progress has been made in the improvement of technics 
of preparation and identification of mineral species present in the colloidal frac- 
tions of soils and sediments, particularly of montmorillonite and the micas, 
through the x-ray diffraction method. As a result, considerable information 
has been accumulated on the relative abundance of the different specific minerals 
present in colloids of soils and sediments of diverse origins. Since the colloidal 
portions are the resultant products of weathering processes, they represent 
more or less stable end-products, which are more resistant to weathering than 
their parent materials. 

It is the purpose of the present article to trace the course of weathering 
(^‘weathering sequence’*) of the finer mineral particles in soils and sediments, 
and to interpret the order of succession of minerals in the sequence on the basis 
of present concepts of crystal chemistry. 

One view of weathering holds that the fundamental principle is embodied in 
the concept of direct weathering of a primary to a secondary mineral, each particle 
being a more or less closed system. Thus a primary mineral such as labradorite 
alters to a secondary mineral such as kaolinite (the “kaolinization” reaction), 
or “volcanic ash” alters to montmorillonite (the bentonite reaction), the calcium 
oxide, sodium oxide, and excess silica being carried away in solution. Accord- 
ingly, the source of each colloidal silicate clay mineral is sought as a specific 
parent mineral from which the colloidal mineral is a “primary weathering 
product.” Observations of secondary colloidal products in pseudomorphic form 
of a parent crystal establish this binary transformation as a fundamentally sound 
view, in detail. The viewpoint herein developed recognizes this direct primary- 
secondary transformation, but seeks to extend the concept of weathering to in- 
clude a summation, or integration, of a multiplicity of such binary transforma- 
tions which may simultaneously be .occurring in the soil or sediment, and 
responsible for its colloid composition. 

In addition, the views are adopted that (a) one colloidal mineral may in some 
cases be a parent material of successive colloidal products as the weathering proc- 
esses continue, (6) the weathering reactions are reversible, and (c) the entire 
mineral content of the clay-size fraction should be considered in the sequence, 

^ Joint contribution of the Wisconsin Agricultural Experiment Station and the Depart- 
ment of Geology, University of Wisconsin, Madison. Published by permission of the 
Director of the Agricultural Experiment Station. Supported in part by a grant from the 
Wisconsin Alumni Research Foundation. 
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without emphasis being placed on the older distinctions as to whether they are 
secondary or primary (unweathered) residuals. Interpretation of the mineralogy 
of youthful soils (important both to theoretical pedology and to agriculture), 
together with the recognition of the reversibility of the weathering reaction in 
both soils and sediments, requires this consideration of the entire mineral con- 
tent of the clay-size fraction rather than merely the silicate ‘‘clay minerals.’’ 
The unweathered residual minerals truly enter the sequence by virtue of their 
relative resistance to weathering, being residual after more easily weathered minerals 
of earlier stages have disappeared. 

By “clay-size” is meant the finer portion of the soil or sediment, particularly 
the “fine clay” fraction of less than 0.2 micron equivalent spherical diameter, 
but also the “coarse clay” fraction, particles 0.2-2 microns in diameter, and to 
some extent the “fine silt” fraction, particles 2-5 microns in diameter. The 
inclusion of the coarser two fractions is justified partly because considerable of 
the clay minerals (illite and kaolinite particularly) occur in these fractions, but 
also because a functional consideration of the origin of clay-size particles requires 
per se a functional approach to the definition of clay size. Thus it is held that 
there is no definite “upper limit” of colloidal particle size of inorganic soil colloids, 
but rather a gradual change, depending in part on the mineral species being con- 
sidered.^ 


THE MINERAL WEATHERING SEQUENCE: PRESENTATION 

The minerals representing successive stages in the weathering sequence of 
clay-size minerals are listed in table 1 . The more soluble or easily weathered 
substances appear in the first five stages. The first stages involving gypsum and 
other more or less freely soluble salts (stage 1 ) and calcite and related less soluble 
non-silicate minerals (stage 2) occur in well-developed soils only as secondary 
depositions in the lower horizons. When present, however, they usually domi- 
nate the important physical and chemical properties of the colloid, and are recog- 
nized therefore as a stage in the sequence for soils. They may constitute a small 
percentage of colloids of certain kinds of very young soils (e.g., reference 12, 
p. 43). Moreover, they are important constituents of the fine fractions of some 
sediments. 

In stages 3 and 4, the silicates of the most easily weathered types (silicates 
groups I to V and certain members of VI) were first postulated on the basis of 
their occurrence in the fresh state in the finer sand and silt of young soils such as 
Bideau clay (16) ; later, amphibole (stage 3) and chlorite (stage 4) were actually 
found in the coarse clay of Abitibi soil, C horizon. This horizon is only slightly 
altered “rock flour,” occurring as the subsoil of a soil developed from the facial 
rock flour sediments of Lake Ojibway near James Bay in northern Quebec.* 

* It is considered essential, however, that the clay-size minerals be studied in narrow 
particle-size ranges such as the three listed, for both theoretical and experimental reasons. 
Moreover, the limits of these arbitrary size ranges are also functional in character, rather 
than unique numerical limits. 

« Oolleotions obtained though the courtesy of Professor A. Scott, Laval University, 
St. Anne de la Pocati^re, Quebec, Canada. 
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TABLE 1 


Weathering sequence of clay-size minerals in soils and sedimentary deposits 


WXATHXIINO 
STAOE AMD 

CLAY>6IZE MXNEKAL8 OOCUSSING AT 
VAKXOVS STAGES OE THE WEATHERING 

EXAlfPLES OF OCCURRENCE OF MINER At6 AT VARIOUS 
WEATHERING STAGES IN THE COLLOIDAL FRACTIONS 

SVIfBOL 

SEQUENCE 

Of soils 

Of sedimentary deposits 

1 Gp 

Gypsum (also halite, etc.) 

Pierre clay, C horizon 
(South Dakota) 

Polders clay (Holland) 

2 Ct 

Calcite (also dolomite, arago- 
nite, etc.) 

Minatare, B horizon 
(Nebraska) 

Calcite limestones 

(Michigan) 

3 Hr 

Olivine-hornblende* (also 

diopside, etc.) 

Abitibi, C horizonj 
(James Bay, Can- 
ada) 

Fresh rock flour 

4 Bt 

Biotitef (also glauconite, 
chlorite, antigorite, non- 
tronite, etc. 

Abitibi, C horizon§ 
(James Bay, Can- 
ada) 

Glauconite in Cam- 
brian sandstone 

(Wisconsin) 

5 Ab 

Albite (also anorthite, micro- 
cline, stilbite, etc.) 

Rideau clay, Ci hori- 
zon (Ontario) 

Authigenic feldspars 
(10) 

6 Qr 

Quartz (also cristobalite, 
etc.) 

Rideau clay, B horizon 
(Ontario) 

Authigenic quartz 

7 n 

i 

Illite (also muscovite, seri- 
cito, etc.) 

Schomberg silt loam, 
B horizon (Ontario) 

Pennsylvania under- 
clays (Illinois) 

8 X 1 

Hydrous mica-intermediates 
(“X”) 

Dodge ville silt loam, 
A horizon^ (Wiscon- 
sin) 

Ordovician bentonite 
(Kentucky) 

9 Mt 

Montmorillonite (alsobeidel- j 
lite, etc.) 

Barnes silt loam, A 
horizon (South Da- 
kota) 

Bentonite (Wyoming) 

10 K1 

Kaolinite (also halloysite, 
etc.) 

Cecil clay, B horizon 
(Alabama) 

China clay deposit 
(Georgia) 

11 Gb 

Gibhsite (also boehmite, etc.) 

Fannin sandy loam, C 
horizon (North 

Carolina) 

Bauxite (Arkansas) 

12 Hm 

Hematite (also goethite, limo- 
nite, etc.) 

Nipe clay, B horizon 
(Puerto Rico) 

Bog iron (Minnesota) 

13 An 

Anatase (also rutile, ilmenite, 
corundum, etc.) 

Naiwa A 2 or B horizon 
(Kauai Island, 

Hawaii) 

Metamorphosed baux- 
ite 


* Silicate groups I to V, with structures ranging from independent tetrahedra (I) to the 
line hexagonal structure of the amphiboles (V). 

t Silicate group VI containing Fe^^ or Fe"*^ and Mg'^+ in the octahedral layer. 
t Slightly altered **rock flour,** bearing amphibole. Other members of stages 3 and 4 
are postulated as occurring in soils on the basis of petrographic microscopic observations of 
occurrence in sand and silt of youthful soila^ 

§ Slightly altered ‘‘rock flour,’* bearing chlorite. Biotite may also occur in the clay of 
various young soils in association with illite, for example, in the mica of Rideau clay, Ci 
horizon. 

t In association with small amounts of illite (stage 7) and montmorillonite (stage 9). 

This sediment has entered the weathering sequence, however, as evidenced, on 
the one hand, by extinction of the early stages 1 and 2 and near extinction of the 
early-intermediate stages 3 and 4, and on the other, by the occurrence of small 
amounts of illite and mica-intermediate and a slight amount of montmorillonite 
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(sti^ 7, 8, and 9) in tihe fine clay. This case illustrates the essential meaning 
(i.e., persistence) stages 3 and 4 in the weathering sequence. I^e sequence 
view fits tire observed mineralogical content, and is more fundamental tiran the 
oversimplified characterization of this rock flour as bdng “unweathered” or 
erchibiting “absence of weathering,” which could not be true in a surface material 
exposed for 10,000-20,000 years. 

'Die group I to group IV silicates would be expected to occur in dominant 
amounts only in the clay fraction of certain kinds of youthful soils, for esdunple, 
from fresh glacial rock flour derived from basic rocks. It is singular that flve of 
the seven silicate structural groups occur in these scarcely represented early 
five stages of weathering. These primary silicates are, in most soils, largely 
decomposed from the fractions of particle-size range below 5 microns. How- 
ever, they occur more commonly in sedimentary deposits, where protected from 
leaching. 

The occurrence of stages 5 to 10 in the clay-size range of soils is well establitixed. 
In the young soil Bideau clay, albite (stage 5) constitutes nearly one-half of the 
fine colloid of the Ci horizon ( < 0.2 n), and quartz (stage 6) the most of the re- 
mainder (16). Both albite and quartz occur in the coarse clay (0.2-2 it) 
throughout the profile. lUite (clay mica with a 10 A. basal spacing line, stage 7) 
has been reported extensively in soil clays, most commonly in the coarse clay, but 
also to some extent in the fine. Stages 5 to 7 are recognized as being analogous 
to the familiar sericitization reaction of microcline, or of plagioclase through the 
introduction of potassium to quartz and sericite. Heavy sericitization of plagio- 
clase to mica, possibly in part deuteric (late magmatic), was observed in the very 
fine sand of Bideau clay, B and C horizons. Thus sericite may be considered 
one of the earliest of the hydrous mica series in soils. The hydrous mica-inter- 
mediates (“X”) or degraded micas (basal spacing line at 12-13 A. or absent) 
are recognized here as a separate and distinct stage (stage 8). The mica-inter- 
mediates occur very commonly in the fine clay of soils. Stages 3 to 7 corre- 
spond to the stability series of Goldich (cited in reference 14, p. 52) except that 
quartz and muscovite are reversed in the weathering sequence presented in 
accordance with their relative persistence in soil colloids. 

The montmorillonite group appears at stage 9, and kaolinite at stage 10, 
representing advancements in weathering over the illites and mica-intermediates. 
Gibbsite appears in stage 11 as weathering (desilication) of kaolinite proceeds. 
Hematite occurs at stage 12 and anatase at stage 13 under conditions of extreme 
lieathermg, eluviation, and good oxidation. Anatase and, hinpothetically, 
corundum tiiould be more stable than hematite, especially since not affected by 
reduction, and therefore should conclude the series (stage 13) . Corundum is not 
known to form in soils, but it may occur in metamorphosed sediments, and would 
be ffiq>eoted, for example, in metamorphc^d gibbsite, boehmite, or diaspore de- 
posits. 

Tlie Application of the weathering sequence to colloids of soils and sediments 
flOAy be summarized according to the following fundamental generalizations: 

; 1, Frcm three to five minerals of the weathering sequence are usually pres- 
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. eat ia the colloid of any one soil horizon. There is a tendency for the 
composition of the colloid to be in the form of a distribution curve, being 
dominated (40-60 per cent) by one or two minerals with other adjacent 
minerals of the sequence decreasing in amounts with remoteness in the 
sequence. 

2. The percentage of minerals of the early stages of the weathering sequence 
present in a soil clay fraction decreases, and the percentage of the suc- 
cessive members increases, with increasing intensity of weathering. 

3. One to three intermediate stages may occasionally be absent from the 
normal sequence, particularly those following quartz, giving, for example, 



Fio. 1 . Distribution curve of clay -size minerals in a Prairie planosol clay pan, showing 
asymmetry due to the quartz and illite being of a coarser fine-clay fraction. 

a quaitz-montmorillonite-kaolinite colloid, or a quartz-kaolinite- 
gibbsite colloid. 

4. One or more stages may occasionally occur out of sequence as secondary 
depositions, particularly gypsum and calcite. 

SOIL COLLOIDS AT VABIOU8 STAGES OF W'EATHEBING: EXAMPLES 

Application of the first generalization is illustrated in figure 1, wherein is 
illustrated the tendency for the occurrence of the minerals in the form of 
a distribution curve when plotted in order of their occurrence in the sequence. 
Important evidence* of the proper sequential order of quartz, illite, mica-inter- 
mediates, montmorillonite, and kaolinite is derived from the translation of this 

* Confirmed by the particle-size function and soil-depth function, as discussed below. 
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distributicHi curve through tiie sequeuoe. The almost ooatinuous tianslati<m*of 
the distribution curve is fhown in figure 2, with a number of sdl colloids, to- 
gether with a summary of pnq)erties and implications. 
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Fio. 2. Distribution curves for colloids of various stages of weathering and significance. 
(Particle sises < 0.2 m unless otherwise stated.) “Cn” should read “An”. 


Early stages - 

Occurrence and disappearance of calcite (stage 2) in very young soils has been 
reviewed by Jenny (12, pp. 42-3). Under humid conditions, 6-10 per cent of 
caldum carbonate leached out of a dune sand during the course of 260 to 300 
years of weathering, and of the Dutch polders reclaimed sea bottom in a similar 
poiod (12), i.e., during the embryonic stag^ of soil development. 
























WEATHERING SEQUENCE OF CLAY-SIZE MINERALS 


1243 


The colloid of caliche zones (nearly pure calcite) or of Minatare silt loam B 
horizon (7), containing up to 75 per cent of calcite in the colloidal fraction, are 
examples taken from the semi-arid region (figure 2). Colloids high in calcite^ 
also occur in the lower horizons of pedocals. The source of the calcite is gen- 
erally secondary, through chemical precipitation, but in rare cases may involve 
sedimentation of colloids from eroded limestone.®* Preservation of calcite cen- 
ters around the absence of sufficient leaching and the maintenance of high pH 
values. The dominating effect of such calcite on the properties of these colloids 
and of the soils themselves is well known. 

In an analogous way, the presence of colloidal gypsum and other more soluble 
salts (stage 1) has a dominating influence on the nature of saline and solonized 
Soils, particularly in the Pedocal region.®'’ These stage 1 and 2 colloids, repre- 
senting secondary depositions, may occur out of sequence with respect to the 
silicate colloids present, as observed in the fourth generalization. It follows 
therefore, that the occurrence of these two early stages is not always associated 
with young soils, although it may be. Moreover, not all young soils contain 
minerals of the calcite or gypsum stages. 

Early intermediate stages 

The colloid from Abitibi silt loam, C horizon, is the youngest and least weath- 
ered soil material from the humid region which was studied (figure 2). The 
plagioclase of the albite-andesine end of the series is the dominant constituent, 
with lesser amounts of amphibole and chlorite of the two preceding stages, and 
quartz and mica of the two succeeding stages, thus further illustrating the 
distribution curve (first generalization). The colloid from Bideau clay, B ho- 
rizon (16), is also centered on albite and quartz (stages 5 and 6) but lacks appre- 
ciable percentages of the earlier stages. Bideau clay is from southern Ontario 
and, while a young soil, is considerably advanced over the Abitibi sample of 
northern Quebec. The coarse clays of these two colloids are shown in figure 2 
to illustrate the earlier stages of weathering. The fine clays also contained 
abundant feldspars and quartz (16), but were slightly further along in the weath- 
ering sequence, and only traces of minerals of stages 3 and 4 were present. The 
occurrence of amphibole and chlorite and of high amounts of feldspars in these 
colloids is believed to be the first instance reported for the fine fraction of soils. 
The occurrence of feldspars in the fine colloids of Bideau clay and other soils 
developed on the geologic Champlain sea was further verified by further col- 
lections from southern Quebec* of the St. Bosalie, A horizon, from two localities, 

® The identity of the precipitated calcium carbonate of soils as being calcite has been 
amply verified by x-ray diffraction analyses in these and other laboratories. 

*• Calcite and dolomite crystals of colloidal size have been observed in a podzol A# ho- 
rizon, pedogenically formed within fragments of organic matter (Bourbeau, G. A.: Ph.D. 
Thesis, University of Wisconsin Library, Madison, 1948. 

**» Since this manuscript was presented, Rodrigues and Hardy (Soil Sci. 64 , 127-42 (1947)) 
have reported up to 30 per cent gypsum in the colloid in certain horizons (p. 140) of a tropical 
soil derived from shale. 

• Collections obtained through the courtesy of Mr. Roger Baril, Chief of Soil Survey, 
Laval University, St. Anne de la Pocatiire, Quebec, Canada. 
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and tile St. Damase, A horixon, in whidi 20-35 per cent of the fine oollcnd ( < 0.2m 
diameter) was plagioclase of the albite-endesine ^d of tiie series. It is in- 
teresting to compare the age of these soils with ferromagnesians disappearing in 
the early intermediate stages oi weathering (9,000 to 20,000 years) to the very 
young soils listed by Jenny (12, p. 32), ranging from 250 to 1000 years of age with 
calcite disappearing. 


Intermediate etagee 

The second generalization is exemplified in progressing through successive 
clays of figure 2. The fine colloids of Schomberg silt loam of Ontario (young 
soil of humid region), Miami silt loam of Indiana (retarded development for its 
repon because of occurrence only on erosional slopes), and Mohave silt loam of 
Arizona (mature sierozem, desert region) are dominantly illite (stage 7). The 
colloid of Barnes silt loam of South Dakota (mature chernozem, subhumid re- 
gion) is centered on montmorillonite (stage 9). The colloid of Miami silt loam 
oS Wisconsin (mature gray-brown podzolic, cool humid region) is centered on 
montmorillonite with considerable ^olinite appearing. That of Hagerstown of 
Missouri (gray-brown podzolic, warmer humid region) is transitional, but with 
an increasing amount of kaolinite (stage 10) appearing. Both Miami and Ha- 
gerstown also contain appreciable mica (stages 7 and 8). A colloid of Hagers- 
town silt loam of Pennsylvania showed a similar composition. With the colloids 
from these gray-brown podzolic soils, the distribution curves are broader, ex- 
tending from stage 7 (illite) to stage 10 (kaolinite), than in the chernozem 
(Barnes) centered on stage 9 (montmorillonite), with some mica-intermediate. 
The greater breadth of the curves for the gray-brown podzolic soils examined 
may be due to greater content of mica in the parent materials, coupled with 
greater intensity of weathering with some of the montmorillonite being carried 
on over to kaolinite. A postulate that the montmorillonite of the chernozem 
might represent an earlier stage of an alternative illite to mica-intermediate to 
kaolinite sequence is in conflict with the various lines of evidence to be pre- 
sented. The illite percentage is higher in soils and horizons which have been 
subjected to less weathering. For example, the unweathered D horizon of the 
Miami soil (Wisconsin) is higher in illite than the A, B, or C horizons. 

Advanced etagee 

Proceeding to soils developed under further increased weathering intensity, 
the Susquehanna sandy loam, B horizon, of Alabama (red podzolic soil, warm 
humid region) is approximately equal in stage 9 (mmitmorillonite) and stage 
10 (kaolinite), further linking the direct succession of montmorillonite to kaolin- 
ite (curve not shown). Only a little mica is present in the fine colloid of this 
soil. The colloid of Cecil clay of Alabama (red podzolic soil, warm humid region) 
is predominantly kaolinite (stage 10), but contains appreciable ferric oxide 
Qiematite, stage 12). That another Cecil clay of North Carolina' contains 
omisiderable gibbsite (stage 11) along with the kaolinite (curve not shown). 
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The colloid of Fannin sandy loam, C horizon, of North Carolina is centered on 
kaolinite and gibbsite (stages 10 and 11) with appreciable quantities of hematite 
present (figure 2). The colloid of Nipe clay (figure 2) of Puerto Rico is domi- 
nantly hematite and goethite (stage 12) but contains about 20 per cent of 
gibbsite (stage 11) and a small quantity of kaolinite (stage 10). The A 2 or B 21 
horizon of Naiwa soil of Kauai Island (the oldest Hawaiian island) consists of 
25 per cent titanium dioxide, most of it anatase (stage 13), together with dom- 
inant amounts of hematite (stage 12).®* The translation of the distribution 
curves across the sequence of mineral weathering stages without a break in 
continuity emphasizes the procession of colloid composition as a continuous 
function of increasing weathering intensity (supporting evidence for generaliza- 
tion 2). 

THE WEATHERING RATE FUNCTION: PROCESSION, ARREST, REVERSAL 

Components of weathering rate function 

' The weathering rate may be viewed as a product of intensity and capacity 
factors. The intensity factors of weathering are temperature (T) and its com- 
plementary relationship to accumulation of humus; rate of water movement, or 
leaching provided by internal drainage (water); acidity of the solution (proton 
intensity, H*^) with particular reference to carbonic acid supply; and the degree 
of oxidation (electron intensity) and its fluctuation (oxidation-reduction, Ae"). 
The capacity factors of weathering are the specific surface of the particles (s), 
and the specific nature of the mineral being weathered (fcm). The weathering 
per unit time (0 may be expressed in terms of these factors in the form of an equa- 
tion: 

Weathering rate = intensity factor X capacity factor 

(time rate) 

= /(temperature, water, protons, electrons) X (surface, 
nature of mineral) 

Then the weathering stage of the clay-size minerals may be represented as a 
summation: 

Weathering stage = 2/(T, H 2 O, Ae***, 5 , fcm, t) 

The five cardinal factors of soil formation (climate, vegetation, relief, parent 
material, and time) may be recognized as being expressed in the various intensity 
and capacity factors. 

For a given mineral species, and a given particle-size range (constant capacity 
factor), the weathering stage of the soil colloid is a product of the intensity 
functions multiplied by the time in which weathering has been occurring, or 
simply as ‘‘intensity X time^' product. Procession through various stages of 
the sequence follows increase of this product. 

In general, increasing acidity and increasing oxidation must be considered as 
having a positive sense, favoring increased weathering intensity. Thus, pro- 

•* From co6perative studies by Dr. G. D. Sherman, University of Hawaii, and the authors’ 
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l(Higed leaching under reducing conditions would not lead throu^ the sequence; 
laterite forms imder oxidizing conditions. Byers (3) postulated that weathering 
is entirely expressible as a hydrolysis reaction, but noted the influence of tem- 
perature, water movement, particle size, and specific nature of the mineral on 
the rate. 


Arrest of weathering in the absence of leaching 

The normal weathering processes may be interrupted by lack of sufficient in- 
tensity of one of the functional factors. As an example, the occurrence of large 
amounts of montmorillonite in bentonites, in spite of their great age (time of 
weathering), is attributed to lack of leaching. Under normal weathering, in 
the absence of dissipation by erosion, a surface deposit would have weathered 
to the final stages (hematite). Absence of leaching has prevented weathering of 
the feldspars and other silicates of the volcanic ash from proceeding beyond stage 
9. Frequently quartz or cristobalite (stage 6) is found occurring in association 
with montmorillonite in bentonites, residual because of little or no leaching; 
leaching under normal weathering would have removed the excess silica and 
allowed montmorillonite to undergo further weathering. The sodium bentonite 
(Upton, Wyoming) and the calcium bentonite (Monroe County, Mississippi) 
may well represent the product of weathering of albite-rich and anorthite-rich 
volcanic ash, respectively. The high montmorillonite content of Lufkin clay 
(Mississippi) and Alamance clay (North Carolina) similarly occurs as a resultant 
of poor drainage and partial arrest of weathering at stage 9, in localities where a 
more advanced weathering stage is normal. Arrest has not been complete in 
the Alamance, since appreciable kaolinite (stage 10) is also present. 

Reversal of weathering in sediments 

The interruption or shift of one or more of the weathering processes may serve 
to reverse the weathering equation, and lead to a reverse traverse of the mineral 
weathering sequence. Much support for the weathering sequence and its re- 
versible character is found in the hydrothermal reactions of minerals, including 
the reactions occurring under pressure. A second major line of thought on the 
reversal sequence in sediments is embodied in the geologists’ term “diagenesis,” 
referring to reversion by metamoiphic processes. 

The sediments are thought to represent a certain amount of reversal of the 
weathering sequence, particularly because of little leaching and a lowered oxida- 
tion potential. Iron of hematite is reduced, for example, and is available for 
recrystallization, perhaps in glauconite. In some instances, slowly percolating 
waters may illuviate a new supply of soluble components to assist in the rever- 
sion. Thus, Ordovician bentonite is thought possibly to be an ancient mont- 
morillonite which has picked up potassium and reverted, to a certain extent, to 
mica-intermediate. Continuation of this process to a greater extent in the pres- 
ence cS a more adequate potassium supply would explain the conversion of vast 
sedim^ts to shales rich in illite. Exclusion of water and further' supplies of 
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solutes largely arrest the reversion at the illite stage/ To the extent that re- 
versal is slowly continued either with or without influx of solutes from the out- 
side of the sediment, authigenic quartz (stage 6), feldspars (stage 5) (10), zircon 
and tourmaline, etc. would be expected to occur as found in sedimentary deposits. 
Accessory chlorite and biotite of shales, glauconite of sandstones, and the calcitc 
of limestones represent the ultimate reversal to stages 4 and 2 of the sequence. 
Or, in general: 

5. The alteration sequence of the colloidal minerals of sedimentary deposits, 
under the impact of decreased or excluded leaching and oxidation, tends 
to be the reverse of that in the weathering of colloidal minerals of soils. 

Thus montmorillonitic sediments tend to revert by solution or metamorphic 
processes to micas and earlier stages. A gibbsitic (bauxite) sediment would be 
expected to resilicate to kaolinite or even to montmorillonite or illite to the extent 
that silica and potassium sources were available in the mixture of minerals in the 
^diment.® 

To the extent that recent sediments (alluvium or aeolian) are left exposed to 
continued surface weathering and soil formation, the weathering sequence con- 
tinues scarcely interrupted. Or, in general: 

6. Colloids of soils being developed on fresh or recent alluvial or aeolian 
sediments continue from the weathering stage occupied by the soils 
from which the sediment was derived. 

Thus, the colloid of a young soil from such source would usually represent the 
particular weathering stage of its source, w^hich would not necessarily be an early 
stage. 

THRKK ANALOGOUS RECAPITULATIONS OP THE WEATHERING SEQUENCE 
OCCURRING IN NATURE 

Three analogous recapitulations of the weathering sequence of clay-size min- 
erals are found in nature: first, in accordance with the familiar geographic pat- 
tern of weathering; second, as a particle-size function; and third, as a depth func- 
tion in soil or sediments. These trends may be set forth as generalizations 7 to 
9. 

7. Soil geography , — The mineralogical composition of soil colloids follow’s 
the weathering sequence geogi'aphically, in accordance with the variation 
in weathering intensity factors which are controlled by the geographic 
distribution of climate, together with time of weathering. 

Sediments are influenced by the same geographic factors, to the extent that they 
are derived from soils so controlled. The mineral composition tends to vary in 

’ Evidence of reverse traverse of the weathering sequence from kaolinite (stage 10) back 
to illite (stage 7) in sediments formed in the Gulf of Lower California from suspended solids 
of the Colorado River has been noted by Dr. R. E. Grim (personal communication, Septem- 
ber, 1947). 

* Goldman and Tracey (Econ. Geol. 41 , 567 (1946)) recently described resilication to 
kaolinite occurring in Arkansas bauxites. 
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the various Great Soil groups, being far advanced (stages 11 and 12) in the later* 
ites, intermediate (stages 8 and 9) in the chernozems, less advanced (stages 7 
to 9) in the sierozems, and least advanced (stages 3 to 6) in certain types of young 
soils, for example, those developed cm the sediments of the Champlain and Ojib* 
way glacial seas (figure 2). 

8. Particle surface or size function . — ^The rate of weathering of clay-size 
mineral particles of soils and sediments varies according to tine surface 
of the particles, being more rapid with increasing fineness of the particle. 
Thus, in stages 1 to 9, the mineralogical composition of colloids from soils, and 
to some extent of sediments, advances in the weathering sequence with in- 
creasing fineness of the fraction separated for identification. Decreasing size 
is the “capacity factor equivalent” to translation throu^ greater intensity of 
weathering. In stages 10 to 12, kaolmite, gibbsite, and hematite may show the 


eeneraliwIionS -- Size function 



Fio. 3. Particle-size function in weathering stage of clay-size minerals 

same trend; however, these minerals may undergo crystal regrowth and occur 
independently of the particle size. 

With extreme fineness, weathering advances very rapidly with the result, 
for example, that hematite monolayers would be expected, and may be found, 
on almost any colloid developed under conditions of good oxidation. Likewise, 
the coarse clay fraction (0.2-2 m diameter) almost invariably contains ■rninftrn.lB 
of earlier stages of weathering than the fine clay ( < 0.2 m diameter). This is 
illustrated for these two fractions of Rideau clay, B horizon (Ontario), in figure 
3. The coarser fraction is centered over feldspar (stage 5) ; the fin er fraction over 
illite (stage 7). Both fractions contain quartz (stage 6); but the fine fraction 
contains small amounts of the more advanced stages (8 and 9), mica-intennediate 
and montmorillonite, while the coarser fraction ccmtains swall amounts of the 
eariier stages (3 and 4). One of the best lines of evidence that illite follows 
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quartz in the sequence is that mica persists in increasing ratio to quartz as the 
particle size of the fraction decreases. The minerals which are more resistant to 
chemical weathering persist in the greater quantities in the finer size fractions. 
The asymmetry of the distribution curve of figure 1 can be explained on the basis 
of particle-size function. The quartz occurs in the coarser sizes present in the fine 
clay fraction, and thus persists overly long, simply because its particles are larger 
than the average for the fraction. The colloid of Miami silt loam (Wisconsin) 
is centered over mica-intermediate and montmorillonite (stages 8 and 9) in the 
fine particle size range of < 0.08 m diameter (figure 3), but the coarser 0.08- 
0.2 M fraction contains predominantly quartz and illite of earlier stages 6 and 7. 
A second peak occurs over kaolinite (stage 10), as an illustration of the process of 
crystal regrowth. If tlie generalization held perfectly, kaolinite would appear 
in a finer fraction than montmorillonite. The fact that its crystals can grow 
larger, however, may account in part for its increased stability to weathering. 
It is interesting that the distribution curve of the entire colloidal fraction 
( < 0.2 /i) of Miami silt loam (Wisconsin) is a symmetrical monodistribution 
(figure 2) in contrast to the bimodal nature of the coarser subfraction in figure 3. 

9. Horizon depth function . — The weathering stage of the colloid of a soil 
horizon or of a sediment tends to advance with increasing proximity to 
the surface. 

Thus, in soils, weathering stage decreases with depth down into the unweathered 
D horizon, but this change with depth usually is not great through the A, B, and 
C horizons, shifting only through one to three weathering stages. The change 
with depth is most pronounced in young soils in the humid region where weather- 
ing is in the early stages (Schomberg silt loam, Ontario, figure 4) (16). A strong 
line of evidence that montmorillonite follows illite and mica-intermediate in the 
sequence is the alteration of mica to montmorillonite in soils such as the Schom- 
berg (figure 4). Bray (2) also noted a similar relationship for certain soils in 
Illinois. Weathering stages have been found to change little with depth through 
the A, B, and C horizons in many of the well-developed soils of the humid region. 
This is true of Miami silt loam (Wisconsin), although an analogous increase in 
illite with depth occurred in entering the D horizon of this soil. 

In soils of the arid region, the weathering stage may increase with depth, in 
passing into horizons where the subsurface is kept more moist by protection from 
evaporation, while the surface mulch is dry over long periods. A somewhat 
analogous situation occurs in the planosol, wherein extra water supply and more 
sustained solution processes are provided by restricted rate of external drainage 
and consequent increased internal water supply. This situation of the acceler- 
ated weathering in the planosol, under restricted rate of drainage but ultimately 
large total volume of percolate, should not be confused with the arrest or reversal 
of weathering processes in sediments imder conditions of virtually no internal 
drainage and percolation. 

In sediments, the weathering stage would be expected in general also to ad- 
vance with proximity to the surface, if the processes of change with time in the 
sediments are viewed as a reversal of the weathering equation. Thus the clay- 
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size minerals of a very recent sediment might be abundant in kaolinite or mmit- 
morillonite, while in deeper lithology the same parent sediment would have re- 
verted (diagenesis) to the earlier stage illite, as already discussed. 

These polyfunctional processes of weathering are illustrated in figure 5, wherein 
weathering stage is represented on the vertical axis. Weathering stage advances 
with increase of the product “intensity X time” of weathering, and with decrease 
in particle diameter (or proportional increase of specific surface). Increments 
of weathering with decreased particle surface are indicated as Aw and As (figure 
5). Weathering reaches completion in a short time with extreme fineness of 
particles, for example, the appearance of surface films of hematite early in]|weath- 



Fio. 4. Depth function in mineral weathering stage of colloids from a young soil 

ering (figure 5). Specific properties of minerals (km) favoring ease of weathering 
have an influence similar to decrease in diameter in hastening weathering. 

Stages 1 to 4 are traversed in relatively short “time X intensity” factors, while 
the sweep broadens (rate of change of weathering stage with “time X intensity” 
decreases) in the intermediate stages of 5 to 9. This trend has led to the general 
statements that basic rocks form laterites (5, 9), whereas acid rocks yield kaoli- 
nite and free silica (5, 8, 11). These statements indirectly state that the acidic 
rocks require a much larger “time X intensity” factor for complete weathering to 
stages 11 and 12, as compared to basic rocks. 

The ^an of weathering stages found within the young Schomberg profile 
(figure 4) is represented by the increments A, B, C (figure 6) corresponding to 
these three horizons. This shortness of span with depth in the soil profile is 
considered typical — ^in fact, the span is usually much shorter in moderately well- 
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developed soils. The increment A', B' represents the span for a desert soil, with 
weathering being somewhat further advanced in the B horizon. 

CRYSTAL CHEMISTRY OF THE WEATHERING SEQUENCE 

The discussion thus far has been concerned with relative persistence of the 
colloidal minerals as a measure of their relative stability. Emphasis has been 
placed on minerals “found^* rather than the mechanism of their formation. The 
crystal chemistry of the weathering sequence may be divided into the questions 
of (a) the underlying reason for the relative stability as an expression of factors 



Fig. 6 . Mineral weathering stage as a function of intensity X time of weathering, and the 
capacity factors of weathering. (The symbol 0 should be T.) 

of crystal structure, and (b) the chemical transformations involved in the forma- 
tion of minerals of each stage. The second question resolves itself into an in- 
quiry as to what extent each stage is the parent material for succeeding stages, 
or contrarily, to what extent each stage is a unique product of a primary parent 
material left either by eluviation of all else, or through a binary weathering 
reaction. 


Crystal chemistry of relative stability 

Chemical weathering takes place through simple solution, carbonation, hy- 
drolysis, and oxidation and reduction. Simple solution and carbonation are the 
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reacticBis chiefly concerned in weatliering loss in (embryonic) stages 1 and 2. 
Discontinuity of the silica portion of the lattice, coupled with activity of the basic 
cations, appears to be the dominating factor in stages 3, 4, and 5. Independent 
;or incompletely linked silica tetrahedra (silica groups I to V) permit ready hy- 
drolysis of the strong bases in stage 3. Weakness along the octahedral pkmes 
caused by the presence of Fe^^ and Fe+++ gives rise to the relative instability of 
stage 4 (biotite, etc.)- The continuous silica sheets are a factor for stability of 
the other group VI silicates, and account for the stage 4 minerals succeeding the 
other ferromagnesian minerals of stage 3. The fourfold silica linkage of albite 
(feldspars in general, stage 5) brings their stability one level higher, but the high 
content of active bases introduces ease of hydrolysis. This places the feldspars 
one stage less stable than quartz (stage 6), with fourfold silica linkage but with- 
out the bases present. Quartz solubility is a linear function of specific surface, 
and therefore quartz is expected, and is found, to decrease tenfold in quantity 
for each tenfold decrease in particle size of fraction considered. The occurrence 
of the micas at stage 7, more stable than quartzi is contrary to Goldich’s series 
for coarse particles (cited on p. 52 of reference 14), but has abimdant experimental 
verification in the observed mineral content of colloids of various stages of 
weathering and in the particle-size function as discussed. The basis for the 
occurrence of mica after quartz is explained on the principle that a layer of alu- 
minum ions beneath a layer of silica ions in the silica sheet (oxygen lattice) in- 
creases the stability of the silica layer. This finds support in the great stability 
of the alumina sheet, which persists through five stages of weathering (7 to 11). 

The mica-montmorillonite oi-der is analogous to the albite -quartz order. Of 
the less stable mineral of each pair, for example, muscovite contains 350 milli- 
equiv. of non-exchangeable but hydrolyzable potassium per 100 g., Avhile ortho- 
clase contains 550 milliequiv. of potassium per 100 g. Of the more stable min- 
eral of each pair, each has silica surfaces, and little or no hydrolyzable lattice 
bases. Montmorillonite has more stable (more quartz-like) surfaces of its crystal 
plates than mica. 

It is noteworthy that, whereas the octahedral alumina layer stabilizes the 
silica sheet (stage: quartz < mica), the substitution of Al'*^ for Si'*'^^ within 
the silica sheet has the opposite effect (albite < quartz, or mica < mont- 
morillonite), perhaps because of distortion in the silica sheet and the accompani- 
ment of the hydrolyzable basic cation to balance the charge. The 60-100 
milliequiev. of exchangeable bases per 100 g. of montmorillonite may be ex- 
changed without disturbance of the lattice. Mica apparently cannot release its 
potassium without alteration of its structure (i.e., weathering). With regard to 
crystal lattice factors: 

10. The stability factor for silicates in the clay-size range is a resultant of 
the silicate structural groups in general, but is modified by considerable 
cross-over according to the ionic substitutions involved. 

Beyond stage 7, the percentage occurrence no longer falls off with decreasing par- 
ade sise, indicating that the lattice factors for stability (km) have made the in- 
in specific surface relatively much less important in determining weather- 
site.' 
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The octahedral alumina sheet persists as desilication occurs in forming kaolinite 
(stage 10) and gibbsite (stage 11), illustrated diagrammatically in figure 6. 
Hematite and anatasc are the final endpoints of weathering under conditions of 
good aeration and high temperature. Their insolubility under these conditions 
slightly exceeds that of gibbsite and boehmite, and these two minerals eventually 
dissolve and eluviate, leaving hematite and anatase. Corundum, the isomor- 
phous analogue of hematite, hypothetically might end the series, but higher than 
soil temperatures would be required for such alteration of giV)bsite and boehmite. 
The requirement of oxidizing conditions is mandatory if hematite is to persist 
as an end-product ; otherwise it is subject to the instability factor of the ferro- 
magnesian minerals of stages 3 and 4. Transitory periods of reduction may ac- 
count for the loss of iron and relative enrichment in anatase (and ilmenite) noted 
in the Naiwa soil. 


Chemical transformations 

Successive stages of the weathering sequence are invariably lacking in stoichio- 
metric relationship to preceding stages. Thus, successive stages are not closed- 
system rearrangements of the chemical content of the parent material; in fact, 
some stages (e.g., stage 12) involve principally different chemical elements com- 
pared to preceding stages. In general: 

11. Lack of stoichiometry between successive stages of the sequence arises 
through processes of eluviation and illuviation. 

Thus a small residue of the parent material may constitute the bulk of a succes- 
sive stage through eluviation of all else. This is analogous to the persistence of a 
few short threads as the “successive stage’’ after dissolution of a bag of sugar in 
which the threads had originally been a scarcelj" noticeable impurity. A great 
reduction in lithological volume accompanies such a transformation, a familiar 
example being the weathering away of several feet of limestone to produce a few 
inches of earthy material. This “simple residue” principle may be continued 
successively. In the analog^', the threads might consist of carbon pigment and 
cellulose, and the cellulose decompose leaving the trace of carbon pigment as the 
bulk of the next stage. Of the earthy residue of the limestone, for example, the 
antigorite (stage 4, irf)n-magnesium analogue of kaolinite) might decompose, 
leaving albite and illite present in the successive stage. 

In addition to this “simple residue principle,” the coarser minerals on the one 
hand, and the colloidal products of decomposition on the other, may not be en- 
tirely recovered in the residue, but in themselves give rise to (be the “successive 
parent materials” of) successive stages. In the analogy, the cellulose might 
give rise to a carbonaceous residue, almost as resistant as the carbon pigment, 
and might be considered as belonging to the same stage. In the earthy product 
of the limestone decomposition, some of the magnesium associated with the cal- 
cium carbonate might combine with a portion of the albite decomposition prod- 
uct and result in sericite-illite or montmorillonite. At the same time some of 
the original illite might weather into mica-intermediate and montmorillonite. 
The distribution curve of mineral composition of the colloid would thus advance 
through stages 5, 6, 7, 8, and 9. Under acid conditions, albite or illite may alter 
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in part directly to kaolinite, and some of the montmorillonite be desilicated to 
kadinite. The colloid thus advances through stages 7, 8, 9, and 10. 

By the time stages 10 and 1 1 are becoming prominent, wherein no isomorphous 
substitution of iron is possible, the goethite-hematite (stage 12) content will have 
begun to be built up appreciably, as iron is released from weathering of the min- 
erals of earlier stages. Hematite and goethite thus build up in bauxites and 
laterites. The basis of the occurrence of three to five minerals as a distribution 
curve for a colloid at the later stages (first generalization) is thus apparent. 

In addition to this “successive parent material principle,” additional chemical 
sources are available through illuviation from other horizons. This is the com- 
plement of the “simple residue” process going on in the source horizon. The 
occurrence of gibbsite as a primary weathering product from feldspar and mica 
was noted by Alexander, Hendricks, and Faust (1), and they advance the prin- 
ciple that this gibbsite may normally be resilicated to kaolinite in the zone near 
the unweathered parent rock surface. This is an important observation bearing 
on the mechanism of clay formation. Harrison (11) postulated resilication of 
gibbsite through rise of silica through the ground water from freshly decomposing 
silicates.* It appears probable that resilication can proceed on to the montmoril- 
iomte and mica stages under some circumstances, particularly in sediments. 
That mineral weathering in soils is dominantly an open system rather than a 
closed system within individual mineral grains is apparent from these reactions 
brought about by illuviation. 


Desilication 

Reversal of these silication equations, giving desilication (figure 6), in advanc- 
ing stages of weathering is believed by the writers to be a dominant mechanism 
for the chemical transformations within the colloidal fraction between .stages 7 
to 11. In this range, minerals of each stage may be the parent material of those 
in successive stages. Simultaneously, the early-stage primary minerals of the 
silt and sand such as ferromagnesians and feldspars may, through binary weather- 
ing reactions, also form one or several of the minerals of stages 7 to 11, with ac- 
companiment of eluviation of the excess iron and silica. In contrast, quartz 
undergoes gradual solution and eluviation in much the same way as gypsum and 
calcite, but more slowly (lower km factor). 

Why desilication proceeds at an accelerated rate as acidity increases has been 
a much debated point, but the experimental fact is well established that kaolinite 
and gibbsite form under increased acidity associated with increased weathering 
intensity and tune, at the expense of minerals of higher silica content. Chem- 
ically, the solubility of silica would be expected to decrease as the acidity in- 
creased. Various proposals have been advanced (cited in reference 14) that an 
isolated alkaline condition such as in the weathering shell of feldspar grains must 
intervene to remove the silica, but this proposed mechanism is inconsistent with 
the acidity of the soil systems actually existing, through which the silica must 
move. Moreover, ample basis exists for the assumption that desilication occurs 

* See footnote 8. 
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in the acid regime of weathering. First, the increase of soil acidity to pH 4, 
though representing “extremely acid” soil conditions with reference to plant 
growth, represents only a very slight degree of acidity in the chemical system for 
insolubilizing silica. Marked insolubility of silica is brought about at negative 
pH values, which are 4 to 6 magnitudes more acid than pH 4. Second, from the 
viewpoint of relative stability, kaolinite, gibbsite, and boehmite, while structur- 
ally hydroxyl compounds, respond chemically more like insoluble weak acids or 
acid anhydrides, weaker than silicic acid. As such, they should tend to form in 
acid systems. In line with this property, the gibbsite and boehmite are solu- 
bilized more easily by treatment with alkali than with acid. The explanation 
of increasing depletion of silica (“laterization”) associated with increasing acidity 
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Fig. 6. Reversible silication reaction of the gibbsite layer of stages 9, 10, and 11. (Ionic 
substitution not shown in montmorillonite formula for the sake of simplicity.) 

lies in the fact that both factors result independently from increased weathering 
(leaching, etc.). 

The possibility of hydrogen bonding between crystal plates of minerals of 
stages 10 and 11 also tends toward more compact and more stable crystals, and 
this hydrogen bond is created in an acid regime by the desilication of one surface 
of montmorillonite to form kaolinite or of the second surface of kaolinite to form 
gibbsite. The fundamental basis for the continuously decreasing ratio of silica 
to sesquioxides and bases in colloids, with advance in weathering intensity, is 
apparent in the procession in the weathering sequence through ratios of infinity 
to zero, as shown in figure 2. 


Podzolizaiion 

The dominant factor in the chemical transformations in podzolization is re- 
duction, or deficiency of oxygen. Beducing conditions may be created by 
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acoumulaticms of organic matter, either because of low average temperatures, 
or because of accumulation of excess water and exclusion of air. Reduction 
mobilizes the iron released by weathering by converting it to ferrous compounds 
and frequently to the form of organic complexes. The mobilized iron usually is 
deposited in deeper horizons where the oxidation potential is higher, owing to 
increased pH value and calcium saturation. In podzolization, therefore, one 
end-product of weathering (iron oxide) is removed from the site of weathering, 
and to this extent the horizon represents a reversal of the normal weathering 
equation (oxidation considered positive). However, in other respects the min- 
eral weathering sequence is followed, viz., disappearance of feldspars and low 
content of quartz in the colloid, and the occurrence of a distribution curve of the 
illite, mica-intermediate, montmorillonite, and kaolinite in the colloid of podzols, 
even in the A-i horizon. Desilication of the lattices in the clay-size particles and 
succession through the sequence apparently takes place in the A 2 horizon. The 
ashy appearance is considered to represent prominence of the gray silt and sand 
grains, resulting from removal of coloring agents and migration of some of the 
colloidal clay particles out of the A 2 horizon. But it is not considered to repre- 
sent precipitation of silica, or even an absence or retardation of the normal rate 
of dissolution and leaching of quartz and other forms of silica, particularly from 
the clay-size particles. Podzolic soils ai*e frequently acid, but may be nearly 
neutral so far as the dominant chemical processes of podzolization are concerned. 
Podzolization has been reported at pH values of 6.5 or above, as might have been 
predicted. 


Laterizaiion 

From the point of view of the weathering sequence, laterization represents the 
end-product of intensive desilication imder conditions of intensive leaching, 
usually in the presence of slightly acidic solutions (e.g., pH 4), as discussed 
above. The process of laterization differs from that of podzolization in having 
good oxidation, which preserves the iron in the form of goethite and hematite 
(stage 12) and the aluminum in the form of gibbsite and boehmite (stage 11). 
Continuity and basic similarity of podzolic and lateritic weathering processes is 
intimated in the literature by recognition of previously formed ‘lateritic'' soils 
as red and yellow “podzolic'' soils. 

The fundamental thesis of the concept of a mineral weathering sequence is an 
integration of the various binary weathering reactions (stoichiometric systems) 
such as ferromagnesium mineral hematite, volcanic ash montmorillonite, 
or 


sericite-illite 
feldspar kaolinite, or 
gibbsite 


lliese pipoesaes naay occur singly, simultaneously, or successively, according to 
circuaistanceB. The integration occurs as a phenomenon (rf nature, but its defi- 
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nition in the weathering sequence presented could be achieved only through 
observation of a large body of data for colloids from diverse sources. 

Thus, the integrated sequence function is considered to be continuous, and 
therefore the gradation from podzolization to laterization must be a continuous 
function, with all intermediate soil conditions to be expected (podzol-podzolic- 
lateritic-laterite sequence). One illustration of continuity will be presented cen- 
tering around the extinction function of quartz in approaching the laterite (table 
2). It will be noted that the quartz content of the soil decreases systematically 
with increasing weathering intensity, and that the percentage of quartz in the 
finer size fractions disappears more quickly than for the soil as whole, but con- 
tinuously. In the Nipe clay soil, the quartz content is 10 or 15 per cent (as de- 
termined by x-ray diffraction analysis of the total soil ground to sufficient fine- 
ness by light crushing for a few minutes in an agate mortar). This establishes 
the fact that a considerable amount of silica in the upper 36 in. of soil has been 

available to be weathered into the finer sizes. However, weathering intensity 

0 


TABLE 2 

Extinction of quartz in approaching the laterite 


SOIL AMD SOURCE (B HORIZON IM ALL CASES) 

PERCENTAGE OF QUARTZ IN VARIOUS SIZE 
FRACTIONS 

PERCENTAGE 
OF STAGES 

11 AND 12 

Fine clay 
<0.2 M 

Coarse clay 

0.2-2 fi 

Whole soil 

Fine clay 

<0.2 M 

Miami silt loam (Wisconsin) 

5-8 

30-40 

60-80 

<2 

Cecil clay (Alabama) 

<5 

5-10 

20-40 

10 

Catalina clay (Puerto Rico) 

<5 

5-10 


15 

Fannin sandy loam (North Carolina). 

<5 

5-10 

20-40 

20 

Nipe clay* (Puerto Rico) 

0 

0 

10-15 

85 

Laterite (Haiti) 

0 

0 

0 

100 


* Sandy A horizon assumed lost by erosion. 


(leaching in so far as quartz is concerned) has been great enough to prevent any 
appreciable accumulation of quartz in the size range below 2 p diameter. Ac- 
cording to the particle-size function (generalization 8), quartz cannot or scarcely 
can reach clay size under a weathering “intensity X time” factor of sufficient 
magnitude to produce a laterite. 

Later stages of the weathering sequence increase reciprocally with the quartz 
decline, particularly stages 11 and 12 (right-hand column of table 2). In the 
Fannin and Nipe soils, the gibbsite content of 10-20 per cent fitting between 
kaolinite and hematite in the distribution curve helps to establish the position 
of gibbsite in the sequence and substantiate the desilication reaction. 

The necessity of eluviation and illuviation in building up the alumina and iron 
content at the close of the sequence has been stressed. Evaporation of illuviat- 
ing ground waters (11) and oxidation of reduced iron contained undoubtedly has 
sometimes been a major contributing factor in the enrichment of laterites (5, 
13, 14). Laterite in fact has been termed (6) a “fossil illuvial horizon of an an- 
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dent soil.” To the extent to which illuviation has been a factor, the laterite is a 
counterpart (on a large scale) of the illuvial B horizon of the podzol. Moreover, 
a predominance of easily weathered minerals (high km, as in basic rocks) favors 
rapid progression through the weathering sequence, and from a practical stand- 
point may be a dominating factor (5, 9, 13, 14) in the development of some of the 
great laterite deposits. 

The enrichment of the colloids in alumina and iron has been spoken of as a 
tropical weathering process (12, p. 36). The weathering sequence view empha- 
sizes the depletion of silica and enrichment in alumina and iron as a trend in 
weathering generally. The accumulation of a quartz-rich A horizon on the sur- 
face of senescent laterites would appear to contradict the concept of hematite 
as the final weathering stage. Quartz is listed in weathering series for coarse 
particles as the most advanced (resistant) stage. However, this seeming para- 
dox arises from the fact that quartz is perhaps the silicate mineral most resistant 
to physical weathering, being much more resistant than mica, for example. 
When it is in sufficiently fine grain size, chemical weathering takes precedence 
over physical weathering and the mica turns out to be more resistant. Sandy A 
horizons of senescent lateritic and laterite soils may develop through rather com- 
plete mechanical eluviation of the colloidal constituents. 

Weathering sequence in relation to the “normal” soil 

The concept of the “normal” soil advanced by Marbut implies that the soil 
profile is in equilibrivun, being lost by erosion as fast as formed through weather- 
ing. The concept of weathering sequence operates to a considerable extent satis- 
factorily within this frame of reference. In agreement with Marbut’s view, the 
sequence transcends the parent material as the key to trend of weathering of the 
colloid. In general: 

12. The course of weathering (the sequence) is unaffected by the parent 
material, but the stage existing (the mineral content) at any time is 
influenced by the parent material to the extent that the “intensity X 
time” product has been insufficient to complete transformation of the 
, source material. 

However, the concept of “normal” soil fails to describe the young soils which 
are common {normal) in Southern Ontario and so, according to Marbut’s view, 
these are azonal soils. This terminology fails to fit these soils which, from a 
broad view, are truly both normal and zonal, but this discrepancy may be passed 
over as being only a fault in terminology. A more fundamental question is 
whether virgin profiles of the so-called “normal” soils are truly at equilibrium, 
i.e., at a steady state. To answer this requires conjecture as to what they would 
be like in another 20,000 to 100,000 years or more. It is important to note that 
the weathering sequence view as presented is equally applicable whether the soib 
are at equilibrium (“normal”), or whether they are continually moving into more 
advanced stages. The very old soils of the Southern Appalachian mountains and 
Piedmont plateau, with their high kaolinite, gibbsite, ^d hematite contents (6), 
probably should be classified as lateritic or early-stage laterites rather than as 
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red podzolic soils. Likewise, the old laterite soils on the peneplain of western 
Australia (4, 5, 15) are in still further advanced stages of weathering, as a result 
of a large ‘‘intensity X time’* factor. Comparison of these soils with younger 
soils in the same regions suggests that a true equilibrium, i.e., a steady state, 
has not been reached by soils generally, and that most soils are even now slowly 
advancing further through the weathering sequence, 

SUMMARY 

The stability series or weathering sequence of minerals present in the colloids 
of soils and sediments is considered both from the standpoint of the minerals 
found and from the standpoint of the basis in crystal chemistry for the sequence. 
The sequence of thirteen stages is represented by the type minerals: gypsum, 
calcite, hornblende, biotite, albite, quartz, illite, mica-intermediate, montmoril- 
lonitc, kaolinite, gibbsite, hematite, and anatase (corundum). The weath- 
ering stage of a colloid is considered to be a resultant of intensity factors (tem- 
perature, moisture transfer, acidity, and oxidation-reduction) and capacity 
factors (particle size and specific nature of the minerals), together with time. 
The following generalizations are made on the basis of observed data: 

1. From three to five minerals of the weathering sequence are usually present 
in the colloid of any one soil horizon, one or two minerals being dominant and 
other adjacent minerals in the sequence decreasing in amounts with remoteness 
in the sequence. 

2. The percentage of minerals of the early stages of the weathering sequence 
decreases, and of the successive members increases, with increasing intensity of 
weathering. 

3. Intermediate stages may occasionally be absent, giving a bimodal curve, and 
secondary deposits such as calcite or gypsum may occur out of sequence. 

4. The weathering equations are considered reversible, moving largely to the 
right in soils, and to the left in sedimentary deposits. However, alluvial and 
aeolian sediments which remain exposed to continued weathering continue the 
sequence as of their parent soils. 

5. The mineralogical composition of the soil colloids varies according to three 
analogous sequences: viz,y according to geographic (climatic) variations, particle 
surface function, and proximity to surface of the soil. 

6. The stability factor of the minerals is a resultant both of crystal structure 
and of the specific isomorphous elements. Lack of stoichiometry between suc- 
cessive stages arises through processes of eluviation and illuviation. The course 
or direction of the sequence is unaffected by parent material, although the stage 
at hand may be. 

Podzolization and laterization are considered to differ principally in the degree 
of oxidation and in summation of “weathering intensity X time”, but to be fol- 
lowing through the sequence as otherwise fundamentally similar desilication 
processes in an acid regime. It is suggested that soils in general, instead of being 
at a steady state as embodied in the concept of the “normal” soil, may be even 
now slowly advancing in the weathering stage. 
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COMMUNICATIONS TO THE EDITOR 

A COMPARISON OF THE SENSITIVITY OF SPECTROGRAPHIC 
AND RADIOTRACER METHODS 

A Comment on the Paper “The Use of Ion Exchangers fob the 
Determination of Physical-Chemical Properties of Substances, Par- 
ticularly Radiotracers, in Solution. II. The Dissociation Con- 
stants OF Strontium Citrate and Strontium Tartrate.” 

In the paper (rf the above title J. Schubert and J. W. Richter (J. Phys. Colloid 
Chein. 62, 350 (1948)) state that the dissociation constant of an organometallic 
complex was measured when the metal component was present in radiochemical 
concentration, i.e., about 10~^‘ mole per liter. Further they state that “spectro- 
graphic analysis of the solutions . . . revealed no detectable quantities of foreign 
cations or of carrier strontium.” 

No details are given on the spectrographic method used to establidi the purity 
of their solutions. 1. Noddack (Angew. Chem. 49, 835 (1936)) has drawn atten- 
ti(m to the probability that in any macroscopic sample of matter there are present 
api^eciable numbers of atoms of all the chemical elements. It is (rf interest to 
«s0f«rtiun whether the number of strontium atoms that could be preset as a 
luuversal impurity would be comparable to the number of radioactive str<Hitium 
attains adc^. 
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In spite of the fact that no information is given as to the sensitivity of the 
spectrographic examination, an estimate can be made with the aid of the data on 
spectrographic sensitivity given in a recent publication (C.E. Harvey: A Method 
of Semi-Quantitative Spectrographic Analysis, Applied Research Laboratories, 
Glendale, California (1947)). If it is assumed that the residue from 100 ml. of 
solution is arced on graphite electrodes, then from the “sensitivity factor” of 
strontium, which is, for the most sensitive line, 0.003 per cent on a 10-mg. sample 
on the electrode, the concentration of strontium would be 3 X 10~® mole per liter. 

However, it will be fairer to consider calcium. The smallest amount of cal- 
cium that could be detected would be 0.00004 mg. The ratio of calcium to stron- 
tium in the earth’s crust is 240 (V. M. Goldschmidt: Skrifter Norske Videnskaps.- 
Akad. Oslo. I. Mat. Naturv. Klasse 1937, No. 4), so that the concentration of 
strontium present would be about 2 X 10~'‘ mole per liter. This is still about the 
concentration of radiochemical strontium that was added (10“” mole per liter). 

Another way of arriving at the possible content of strontium is to consider the 
impurities of pure chemicals as stated by the makers. The writer has not avail- 
able an analysis of ammonium tartrate, but tartaric acid may have 0.001 per 
cent of non-volatile matter of which 0.0001 per cent may be iron, and the purity 
of ammonium tartrate is taken to be the same. Assuming that calcium is present 
to the same extent as iron, and that the strontium content is 1 /240th of that, 
the strontium in a 0.2 mole per liter solution of ammonium tartrate would be 
2 X 10"* mole per liter. With unavoidable contamination of the solutions in 
handling, the content of strontium in the solutions at the end of the reaction 
may well have been greater. 

The spectrographic method used by Schubert and Richter was probably less 
sensitive than has been assumed, and it is likely that the statement they make 
can not be correct. The values they give for dissociation constants will not be 
affected, but it is thought that it will be of general interest to draw attention to 
the gap in sensitivity between radiotracer methods and the most sensitive of 
other methods. 

Stuart H. Wilson. 

Dominion Laboratory 

Scientific and Industrial Research Department 
Wellington, New Zealand 
June, 1948 
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COMMUKICATIONB TO THE EDITOB 


ADDITIONS TO THE AETICLE “MELTING AND EVAPORATION AS 

RATE PROCESSES” 

(J. Phys. Colloid Chem. 62, 949 (1948)) 

It has been shown in a recent discussion that the theory of absolute reaction 
rates leads to results for the isothermal rate of evaporation which are of the 
same order of magnitude as those obtained from the Knudsen equation (S. S. 
Penner: J. Phys. Colloid Chem. 52, 949 (1948)). This conclusion can be made 
more explicit by use of a relation between free volume and vapor pressure 
obtained by H. Eyring and J. O. Hirschfelder (J. Phys. Chem. 41 , 249 (1937)). 

The assumption that the activated state formed during evaporation is a 
gas-like molecule leads (S. S. Penner: he. cii.Y to the following relation for the 
rate constant for evaporation, j,: 

jt = eK(kT/2irmyi\v*^i^/vf) exp(— AH./ET) (1) 

where e is the base of the natural logarithms, k is the transmission coefficient, k 
is the Boltzmann constant, T is the absolute temperature, m is the mass per 
molecule, v* = v is the volume per molecule in the condensed state, Vf is the 
corresponding free volume per molecule, R is the molar gas constant, and AH, 
is the molar heat of evaporation. In the derivation of equation 1 it was assumed 
that the vibrational, rotational, and internal contributions to the partition func- 
tions remain unaltered during evaporation. 

If the rate of loss of molecules from a given volume F is — duv/dt and is assumed 
to be proportional to the number of molecules n, exposed at the surface with the 
proportionality constant given by the rate constant for evaporation (S. S. 
Penner: he. eit.), then 

-dn,/d< = j,n. (2) 

But n, = nV and n, = where n is the number of molecules per unit volume 
and S is the surface area. Therefore 

G = -(l/S)(dF/dOp = (3) 

where p is the density of the evaporating compound and G is the rate of loss of 
molecules by evaporation from a given volume per unit surface area per unit 
time. Combining equations 1 and 3 leads to the result 

G = eKikT/2vmyi^if>v/i,^iVi^)0/vf) exp{-AH,/RT) (4) 

But pv =‘ m and 

(IM) = (jpJkT) exp(AH./ii:r) (5) 

where p, is the saturated vapor pressure of the evaporating compound whose 
vapor is assumed to behave as a perfect gas. Equation 5 was obtained by Eyring 
and Hirschfelder (ioc. dt.), who noted that the Gibbs free energy of the evaporat* 

^ The factor e was omitted in the preceding discussion, since only order of magnitude 
oalottlations were carried out. 
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ing substance and of the gas with which it is in equilibrium must be equal to each 
other. From equations 4 and 5 it follows that 

since the product {nvY^^ = 1. 

Equation 6 is of the same form as the Knudsen equation with the accommoda- 
tion coefficient of the Knudsen equation replaced by ck. It may also be noted 
that if evaporation is a rate process in which equilibrium between normal and 
activated molecules is not established, and if the evaporating molecules move 
classically in the degree of freedom along which the molecules decompose with 
an average energy change of the order of A; IT between successive transfers of en- 
ergy, then Hirschfelder^s correction factor (J. 0. Hirschf elder: J. Chem. Phys. 
16 , 22 (1948)) of 0.387 should be introduced into equation 6, leading to the 
result: 

G = 1.05icp.(m/27rfc2y^' (7) 

It is evident that results calculated from equation 6 with ck = 1 should be 
identical with results calculated from the Knudsen equation with the accommo- 
dation coefficient set equal to unity. Therefore it appears likely that the dis- 
crepancies discussed previously (S. S. Penner: loc, dL) were introduced by an 
incomplete description of the physical state through partition functions calcu- 
lated on the basis of the free volume model. 

The author wishes to express his appreciation to Professor J. G. Kirkwood 
for helpful discussions. 

S. S. Penner. 

Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 
July 12, 1948 


PHASE EQUILIBRIUM DESCRIPTION 

Isosyst, a new word of Greek etymology, is proposed to describe a condition, 
or family, or curve of constant composition. This word has utility in descrip- 
tions of vapor-liquid phase equilibria, joining therein two words, isobar and iso- 
therm^ which have long been used. 


DISCUSSION 

In this laboratory's work in phase equilibrium, a concise, descriptive, unique 
word was needed to describe the condition of the same composition throughout 
a given experiment, or to label a curve of constant composition. The words 
‘‘isobar’^ and “isotherm^^ have long been used to label conditions of constant 
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pressure and constaat temperature, respectively, but no such apt or concise 
word exists to replace the cumbersome and verbose “state of constant c(»uposi' 
ti(m.” 

Thus, for vapor-liquid equilibria, temperature may be plotted verstta com- 
pointion for various isobaric conditions and similarly pressure versus composition 
along isotherms. The third condition, pressure versus temperature, is plotted 
for “envelopes of constant or the same composition” as a parameter. Such 
wordiness in an era of abbreviation represented even by the extremes of govern- 
mental “alphabet soup” and bathing suits is unnecessary. 

The word must be descriptive, easily pronounced, adaptable to international 
use, capable of easy recognition, and euphonious if possible. The prefix “iso” 
(to-o) seems logical for describing “the same” or “equal.” Ready parallel is 
available for this choice and apparently automatically the remaining stem must 
be from the Greek to avoid mixed origin. “Element” or “compound” or “com- 
position” is stoichiothesia (aroixtlodeffia), which would give “isostoich” as a 
possibility. Its syllabilization is difficult and the adjective — “isostoichic” — a 
tongue twister. “Strength” is kratos (Kparos), but this is muscular in sense 
although the word “isocrat” does exist in political science to describe equal 
power. “Composition” or “compilation” is synthesis (a^ffeats), giving “iso- 
^mth” as a possibility, but from many considerations systasis (ffiaraais ) — 
composition, constitution, etc. — ^has much in its favor. The choice therefore 
inclines to the definitions: isosyst, noun (from Greek iso = equal, systasis = 
composition), a state of equal or the same composition; and isosystic, adjective, 
applied to an isosyst as, for example, an isosystic curve. 

It is hoped that those in the physical and chemical sciences needing exactly 
descriptive words may find some use for this word. 

Grateful acknowledgment is made to Clyde Murley and George Thodos 
(Northwestern University) and Duane Roller (Wabash College) for their multi- 
lingual inventiveness. 

V. C. WimiAMS. 

Northwestern University 
Evanston, Illinois 
June 28, 1948 


NEW BOOKS 

Chemical Process Ptineiplet, Part II. Thermodynamics. Part III . Kinetics and Catedysis' 
By 0. A. Houobn and K. M. Watson. New York: John Wiley and Sons, Inc., 1947. 
Pui: II is a continuation of Part I by the same authors (reviewed in J. Phys. Chem. 48 . 
282 (1944)) and is a revision of Chapters XI through XIX of Industrial Chemical Calcula- 
tions: Chapter XI is a review of fundamental thermodynamics. Some may consider this 
too brief and want to expand it. However, this text should follow Part I and a good course 
in physical chemistry. At the bottom of p. 463 it should be pointed out that there are many 
systems in wUch three variables (two independent) are not sufficient to completely define 
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its state. The statement on p. 458 “By partial differentiation of the four differential energy 
functions Equations (27-30). . is not mathematically correct. A. similar criticism can 
be made about the sentence preceding Equation (114) on p. 467. 

Chapters XII and XIII apply the fundamental principles to the thermodynamic prop- 
erties and expansion and compression of fluids. In addition, generalized methods are used 
to predict properties of substances for which data are not available. So far as the reviewer 
is aware, this is the only single place in which such a collection of the generalized methods 
are brought together. Chapter XIV considers both gaseous and liquid solutions. Ideal 
solutions can be handled by previous generalized methods, but non -ideal solutions require 
experimental data. Chapters XV and XVI cover physical and chemical equilibrium. Al- 
though both of these subjects are covered in physical chemistry, the authors present the 
information with a practical rather than a theoretical viewpoint. Chapter XVII discusses 
available methods for the calculation of thermodynamic properties from molecular struc- 
ture by both empirical and theoretical methods. Throughout the text the worked-out 
problems illustrate the principles discussed. In addition, there are a large number of un- 
worked problems which are valuable when the book is used as a text. Most of the book is 
suitable for undergraduate classes; however, there are parts which should be given only to 
graduate students. 

Part III is an addition to the original volume, Industrial Chemical Calculations, The 
object of this volume can best be given in the words of the authors as given in the preface: 
“All these principles are combined in the solution of the ultimate problem of the kinetics 
of industrial reactions. Quantitative treatment of these problems is difficult, and designs 
generally have been based on extensive pilot-plant operations carried out by a trial-and- 
error procedure on successively larger scales. However, recent developments of the theory 
of absolute reaction rates have led to a thermodynamic approach to kinetic problems which 
is of considerable value in clarifying the subject and reducing it to the point of practical 
applicability. These principles are developed and their application discussed for homo- 
geneous, heterogeneous, and catalytic systems. Particular attention is given to the inter- 
pretation of pilot-plant data. Economic considerations are emphasized and problems 
are included imestablishing optimum conditions of operation.’* 

Chapter XVIII considers homogeneous reactions, making application of fundamental 
physical chemistry to the design of reactors. Chapter XIX discusses the theory of catalysts 
and applies the theory to practical problems. In some cases this involves empirical 
methods. Chapter XX brings up to date the correlations of mass and heat transfer in 
catalyst beds. The final results are mainly in the form of charts. Chapter XXI gives 
general methods for catalytic reactor design, including the calculation of pressure drops, 
optimum reaction temperatures, and temperature control. A completely worked out prob- 
lem for the system sulfur dioxide-oxygen-nitrogen is given for the same composition used in 
an equilibrium calculation given in Part II. The last chapter deals with uncatalyzed heter- 
ogeneous reactions including liquid-liquid, liquid-solid, and gas-solid systems. There is 
a short section on systems involving unsteady state conditions. Part of the results are 
again given in the form of charts. This volume also has a number of illustrative problems 
worked out in detail. In general, Part III is suitable for graduate students only. 

N. H. Ceaglske. 

^Colorimetric Methods of Analysis, Third edition. By F. D. Snell and C. T. Snell. 239 

pp. New York: D. Van Nostrand Company, Inc., 1948. Price: $4.60. 

The third edition of this well-known work is being published in three volumes, replacing 
the two of the second edition. The first volume covers the theory of colorimetry, instru- 
ments, and colorimetric determination of pH. In the previous edition these topics were 
treated in approximately 160 pages; now they are covered in about 200 pages. The expan- 
sion is largely due to the rise of photoelectric photometry in the twelve years which have 
elapsed since the second edition appeared. Many of the old references have been omitted. 
On the other hand, many photographs of more modern instruments have been added. 
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This compilation will be found more useful by the analyst than by the physical chemist. 

From the academic and also from the practical viewpoint a more exact discussion of the 
terminology, including the names colorimetry and photometry, would be desirable. The 
use of the symbol S to designate the molar extinction coefficient is confusing. 

The more practically minded analyst will welcome this book, which gives a reasonably 
complete discussion of the instruments and general methods and which contains many 
references to the literature. 

I. M. Kolthopp. 

E. B. Sandell. 

The Water Soluble Gunia. By C. L. Mantell. 279 pp. New York: Reinhold Publishing 

Corporation, 1947. Price; $6.00. 

Plant gums have been known and used in commerce for several hundred years and at the 
present time many millions of pounds are used each year in the United States alone. Such 
substances therefore merit attention. The term ‘*gum** has been confusing; not infre- 
quently the commercial gums are of questionable origin and many samples are undoubtedly 
mixtures. The reason for the wide use of soluble gums lies in their unique chemical and 
physical properties, and it will be apparent to those who read this book that an extension of 
the use of gums might well be brought about by fundamental studies. 

The book has been written in an attempt to coordinate information relating to gums and 
to correlate the practice and art with the scientific knowledge of these substances. Some 
clarification of the gum field will result from a study of this book, but it appears to the re- 
viewer that the work will be much more useful to the technologist than to the specialist for 
the reason that the present knowledge of the chemistry of gums and mucilages, by no means 
insignificant, was not included. Had this been done, the book would have had a much 
wider appeal. 

Fbbd Smith. 

The Syatematic Identification of Organic Compounds. Third edition. By Ralph L. 

Shriner and Reynold C. Fuson. 13.8 x 21.2 cm. ; viii -f 370 pp. ; 23 fig.; 45 tables. New 

York; John Wiley and Sons, Inc., 1948. Price; $4.00. 

This revision of the widely accepted second edition embodies several improvements. 
The second chapter is now devoted to the presentation of the identification scheme, and 
the arrangement of subsequent chapters follows the same order. The chapter on classifi- 
cation reagents has been expanded and rewritten. Both the tables of compounds and the 
final problem section have also been expanded. The index now gives, for added conveni- 
ence, the boiling points or melting points of the compounds listed. These improvements 
should assure the book of continued popularity in the field. 

Scott Mackenzie. 

Surface Chemistry for Industrial Research. By J. J. Bikerman. 464 pp. New York: 

Academic Press, Inc., Publishers, 1947. Price: $8.00. 

The importance of knowledge of the physics and chemistry of surfaces as related to in- 
dustrial research has but recently become generally appreciated. The author in this book 
has pointed out numerous applications of the principles of surface chemistry and has made 
a distinct contribution to industrial workers who encounter surface chemistry problems 
and wish to know how to solve them. The fundamental principles pertaining to the measure- 
ment of tensions and to free surface energy relations as well as to electrical properties at the 
different types of interfaces are given. Treatment of individual subjects is necessarily 
incomplete in a book of such limited size. This incompleteness of treatment is, however, 
compensated in part by the fairly extensive bibliography of 1026 references, appropriately 
arranged at the ends of the chapters. The over-all treatment makes interesting reading, 
and the author is to be commended for the timely presentation of this valuable book. 

Chapters, in order, deal with the interfacial systems: I. Liquid*“Clas, II. Liquid-Liquid, 
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III. Solid-Gas, IV . Solid-Liquid-Gas, V. Solid-Liquid-Liquid. A final chapter deals with 
electric surface phenomena. 

Fuller and more detailed treatment of such topics as the pendent -drop method for surface- 
tension and for interfacial-tension measurements, the Gibbs adsorption theorem, mono- 
molecular and expanded films, etc., would have been desirable, but these treatments were 
curtailed presumably by space limitation. The book is comparatively free of errors and 
misprints. One statement on p. 153 which reads ‘‘obtained W/0 Emulsions for water 95 
benzene 5'* obviously should read “obtained W/0 Emulsions for benzene 95 water 5.’* 

The book would not be very satisfactory as a textbook; in fact, it was not intended that 
it should be so used. It is, however, an excellent reference book and should be at the dis- 
posal of all research workers in the field of surface chemistry. 

F. E. Baktbll. 

^ Research in Industry, Its Organization and Management. C. C. Furnas, Editor, xii -+• 

574 pp. New York: D. Van Nostrand Company, Inc., 1948. Price: S6.50. 

The Industrial Research Institute, Inc., was established in 1938 under the auspices of the 
National Research Council: 

1. To promote, through the cooperative efforts of its members, improved, more econom- 
ical, and more effective techniques of organization, administration, and operation of 
industrial research. 

2. To develop and disseminate information as to the organization, administration, and 
operation of industrial and social activity of the nation. 

3. To stimulate and develop an understanding of research as a force in the economic, 
industrial, and social activity of the nation. 

4. To promote high standards in the field of industrial research. 

The publication of this book is a most valuable and most effective contribution towards* 
these objectives. 

Thirty-three successful executives of leading industrial research organizations have 
made available the best present-day thought on the proper management, organization, and 
operation of the research arm of modern American industry. Their contributions are 
recommended reading, not only for those engaged in industrial research, but also for those 
in the management, production, sales, patent, personnel, engineering, and public relations 
groups, all of whose activities border on company research organization. This volume also 
affords university graduate faculty members, who have had little recent occasion to be 
active in industrial research, an opportunity to gain a better understanding of a field for 
which they are training scientific personnel. Graduate students will profit from its study. 

We hope that equally valuable contributions to the progress and understanding of Amer- 
ican research will be made available with the preparation of similar books by experienced 
leaders in university and governmental research. 

While most of the important phases of industrial research are treated from several view- 
points, and with surprisingly few major contradictions, more attention could profitably 
have been paid to the problems arising in the effective utilization of research teams or task 
forces. These, we know, played a very important role in war research. One wonders if this 
idea is being used today in industry as extensively as it might be. 

Several chapters are clearly the result of extensive surveys of the opinions of the directors 
of many laboratories, and throughout the book an effort has obviously been made to present 
carefully the several viewpoints on difficult questions. Selected and representative refer- 
ences are also given. 

A glance through the various chapters will quickly bring out the wide variety of tech- 
nical, management, and personnel problems which the research director is apparently ex- 
pected to handle. His training and experience need indeed be broad. 

The Industrial Research Institute, the Editor, and the contributors are to be congratu- 
lated on their presentation of a book which is well organized and well thought out. 

Edgar L. Piret. 
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ProUim and Amino AcOb in Nutrition. M]BiiVtL]: 4 S Sahyun, Editor. 566 pp. New York: 

Heinhold Publishing Corporation, 1948. Price: $7.50. 

For several years the concentration of nutritional interest, so long centered on vitamins, 
has been veering away toward proteins and amino acids, the break being conveniently 
bridged in part by such interrelationships as those of niacin and tr 3 rptophan in the etiology 
of pellagra. There is, indeed, danger that the enthusiasts who recently sought to cure all 
the world's ills by vitamin dosage, may now attempt a similar tour de force, more expen- 
sively, with amino acids. In any case there is obvious need of a scholarly review of the 
whole subject of proteins and amino acids in nutrition, and that is what Sahyun and his 
seventeen collaborators have attempted to provide in the present book. 

In the introduction, H. B. Lewis points out the changes of opinion about the dietary in- 
take of proteins proper for man. The high recommendations of the pioneer German workers 
gave way in the early years of this century to the low-protein school represented by Chit- 
tenden; recently, much pressure seems to be developing to complete the cycle and to return 
to levels which would have pleased Carl Voit and Justus von Liebig. But the present book, 
though showing many imprints of the new vogue, is largely a sober summary of evidence 
on protein utilization, deficiency, and protein nutrition in clinical states. There is little 
on the pure physics or chemistry of proteins or amino acids nor should one wish this in the 
present context. 

The several chapters are of unequal interest and merit, nor do they together provide an 
integrated picture or develop a particular theme. While this, as well as the marked vari- 
ations in style, may be regretted in the present book, it must be admitted that the day of the 
monumental treatise, planned and executed in detail by a single scholar, is oyer; the modern 
monograph by multiple authors seems to be the only solution to the growth of knowledge 
and the limitations of any single mind. We must be grateful for the historical chapter (of 
46 pages) by PJIiot Beach which, excellent in itself, serves to place the broad problems as a 
developmental frame for the whole book. 

Several chapters, notably those on toxins and on filterable viruses, seem unrelated to the 
purpose of the book and, though good in themselves, might have been better omitted to 
provide for a more thorough treatment of protein utilization and requirements and the 
plasma proteins. The chapter on caloric, mineral, and vitamin requirements is disappoint- 
ing in both organization and content. It is not clear why 78 pages should be devoted to 
reproducing a somewhat outmoded Department of Agriculture Circular on the proximate 
composition of foodstuffs. 

By and large, the book is clearly and, in places, elegantly written. One must suspect 
that the editor did a labor of love in achieving a level of literary quality definitely superior 
to most compilations of this type. The documentation is fairly voluminous, but the 
absence of reference titles and author index will limit its use. The subject index is grossly 
inadequate. The book is well printed but one could wish for a stouter binding. Much of 
the book should be valuable for years and could be read with profit and more than a modicum 
of pleasure by chemists, physicians, and graduate students as well as by the nutritionists 
and physiologists who should certainly invest in personal copies. 

Angbl Kxtb. 

Newer Methods of Preparative Organic Chemistry. Translated and revised from the German , 

and published and distributed in the public interest with the consent of the Alien Prop- 
erty Custodian, xiii 657 pp. New York: Interscience Publishers, Inc., 1948. Price: 

18.50. 

This is a translation, with some extensions and revisions, of a series of review articles 
which appeared in Die Chemie beginning in 1940. The chapter headings, with the names 
of the authors and (in parentheses) translators, are: 1. Oxidations with Lead Tetraacetate 
and Periodic Acid, Criegee (Edens, Graham). 2. Dehydrogenations with Sulfur, Selenium, 
and Platinum Metals, Plattner (Armstrong^ 3. Reductions with Haney Nickel Catalysts, 
SehrOlei^^ (Salminen). 4. Hydrogenation with Copper Chromite Catalysts, Grundmann 
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(Burness). 5. Meerwein-Ponndorf Reduction and Oppenauer Oxidation, Bersin (Webster, 
Crawford). 6. Use of Biochemical Oxidations and Reductions for Preparative Pur- 
poses, Fischer (Crawford, Webster). 7. Substitution Reactions of Aliphatic Compounds, 
Nelles (Bachman). 8. Organic Fluorine Compounds, Bockemiiller (Kibler). 9. Catalysis 
of Organic Reactions by Boron Trifluoride, Kastner (Jones). 10. Use of Hydrogen Fluo- 
ride in Organic Reactions, Wiechert (Jones). 11. Methods for Thiocyanation of Organic 
Compounds, Kaufmann (Tull). 12. The Diene Synthesis, Alder (Wilson, Van Allan). 
13. Syntheses with Diazomethane, Eistert (Spangler). 14. Syntheses with Organolithium 
Compounds, Wittig (Thirtle). 

The title of the book is somewhat of a misnomer, for most of the subject matter has been 
familiar to organic chemists in this country for several years; indeed, most of the subject 
matter has already been covered by adequate reviews published in Organic Reactions ^ 
Chemical Reviews ^ and elsewhere. Thus, the two chapters on reduction are covered by 
Adkins’ book on the subject; Chapter 5 is covered by the excellent review of Wilds Organic 
Reactions^ Vol. 2, p. 178 (1944)) ; Chapter 8 by the review of Henne {Organic Reactions^ Vol. 2, 
p. 49 (1944)) and by the printing of the recent symposium in Industrial and Engineering 
Chemistry, because of which the Translator has added a short supplement to the chapter; 
Chapter 11 by the review of Wood {Organic Reactions, Vol. 3,p. 240 (1946)); Chapter 12 by 
the review of Norton (Chem. Revs. 31 , 319 (1942)); Chapter 13 by the review of Bachmann 
and Struve {Organic Reactions, Vol. 1 , p. 38 (1942)); and there are references to material in 
other chapters also. 

Nevertheless, the book has value and it presumably does give a picture of the state of 
knowledge on these topics in Germany around 1940. The reviewer was particularly glad to 
see a translation of Plattner’s excellent paper (Chapter 2), the papers by Alder (Chapter 
12) and by Wittig (Chapter 14), and he found in Chapter 3 some material on the preparation 
of Raney alloys and the Raney catalysts — iron, copper, cobalt, in addition to nickel — ^which 
was new to him. The chapter by Nelles appeared sketchy and rather weak in comparison 
with the others, but that impression was caused, perhaps, by the rather large area which 
Nelles attempted to cover in thirty pages. On the whole, the reviews are very good and 
are well documented, particularly with reference to the patent literature; the authors are 
all men of prominence and of outstanding accomplishment in chemistry; and the book 
should serve as a useful supplement to the material already available in Pmglish. 

The book-making is first rate, the paper and typography are excellent, and the binding 
is good. There arc two indexes — one by subjects and the other by names of compounds. 

Lee Irvin Smith. 

Volumetric Analysis, Vol. II. Titration Methods. By I. M. Kolthoff and V. A. 

Stbnger. xiii -f 374 pp. New York: Interscience Publishers, Inc., 1947. Price : $6.00. 

Kolthoff's Volumetric Analysis began life as Die Praxis der Massanalyse in 1928 and its 
various translations and new editions have had almost as many associate editors as Roose- 
velt had vice-presidents, II. Menzel of Dresden helped on the original manuscript, N. H. 
Furman of Princeton made the translation, and now with the aid of V. A, Stenger of the 
Dow Chemical Company, expansion of the work to three volumes is contemplated. The 
mechanics and ethics of shifting publishers from one edition to another would probably 
make an interesting story, but, of course, the true interest of a reviewer resides in the con- 
tent of a book and not in the copyright or contract manipulations which attend its con- 
ception. 

Volume I of this edition of Volumetric Analysis appeared in 1942 and dealt with the theory 
of volumetric analysis. Volume II deals with the practical aspects of ti trimetric analysis 
as found in acid-base and in precipitation and complex-formation reactions. Volume III 
will treat with oxidation-reduction reactions. 

The first thirty pages of Volume II deal with the calibration and use of volumetric appa- 
ratus. This is the usual material and the explanations are well written. The use of soda 
lime to protect standard alkali solutions as recommended on p. 14 is questionable; soda lime 
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is a fair drying agent, certainly good enough to take water away from 0.1 iV or 1 .0 JV* sodium 
hydroxide solutions. The weight buret shown in Fig- 11, page 18, was described four years 
earlier by G. F. Smith than by the workers to whom the credit is given. 

Included in the next twenty pages under the heading of “Practical Principles^* is a fine 
discussion of the properties which a primary standard should possess. It is hard to tell 
whether or not Kolthoff and Stenger really think a material is a primary standard only when 
it can be tested for its impurities (including occluded water) ; they present SOrensen’s argu> 
ment but apparently think the reader should decide for himself. 

In the following section, some forty pages, is a detailed and thorough survey of the pri- 
mary standards which have been proposed for acidimetry and alkalimetry. Sodium oxalate 
is given as the preferred primary standard for acid standardization, sodium carbonate 
being relegated to the section entitled “Other Standard Substances**; the six pages given to 
sodium oxalate will surprise industrial analysts, not one in five hundred of whom will work 
up a bath of sodium oxalate when he can pick sodium carbonate from the side shelf and with 
a simple heat treatment eliminate the bicarbonate. The off-hand disposal of sulfamic acid 
as “a possibly useful secondary standard** will come as a blow to those who have used it. 
While the absence of occluded water from sulfamic acid has probably not been adequately 
proved, sulfamic acid is considered by the reviewer to be the best of our present primary 
standard acids. In this connection commercial perchloric acid, which is a constant-boiling 
mixture of 73.60 per cent HC104/3.5-5 mm., deserves more use by analysts (p. 68). 

Chapters IV though VII deal with the various cases of acid-base titration. Although 
grouped under the usual headings: “The Titration of Strong Acid with Strong Base,** 
“The Titration of Weak Acid with Strong Base,** “Displacement Titrations,** and so on, the 
information is highly detailed as to the analysis and behavior of specific materials. The 
side headings of a few pages, for example, run; “Arsenic Acid and Arsonic Acids,** “Phos- 
phorous Acid,** “Hypophosphorous Acid,** “The Determination of Ortho-, Meta-, Pyro-, 
and Polyphosphate in Mixtures.** The discussions of these various methods are very com- 
plete. The Kjeldahl method occupies three pages, the titration of salts of heavy metals 
nine, the soap titration of calcium three, the titration of alkaloids three. A great number 
of tricky and even remarkable reactions involving the hydrogen or hydroxyl ion have been 
adapted as titrimetric methods, and Chapters VI and VII make good browsing material 
for the general reader. Going through this section the reviewer caught for a few precious 
minutes the same enchantment and breathless interest that awoke his enthusiasm for chem- 
istry in his high school days. 

Somewhat over a hundred pages of Volume II deal with precipitation and complex- 
formation reactions. As might be expected, most of this material is devoted to argento- 
metric titrations, the methods indelibly associated with the names of Mohr, Volhard, and 
Fajans. A lot can be done, too, with standard solutions of ferrocyanide and of mercuric 
nitrate. (Kolthoff and Stenger prefer the term “mercurimetric** to “hydrargyrimetric** 
and for this future generations of chemists will call their names blessed.) 

The principal discussions in this book are set in ten point type but much of the book is in 
eight point and a good bit in nine. Footnotes average three to a page. The book, though, 
is not simply another Beilstein or a mere compilation of literature references gleaned from 
the indexes of Chemical Ahatracta. Kolthoff himself has published on a great many of these 
methods. The literature references reach from our Civil War era (and before, since the 
author index lists Liebig five times and Gay-Lussac six times) to the post-Hiroshima litera- 
ture. Good reference lists are characterized by the items which have been culled as much 
as by those which have been included. Critical selection demands experience, the labora- 
tory kind as well as the swivel chair variety, and is the hallmark of true scholarship. Vol- 
ume II comes up to scratch on this point. 

The publishers should have put this book on better paper. The reviewer has the feeling 
also that the cloth cover is not going to stand up too well to the hard use he expects to give 
his topy in the coming years. 
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Volume III of Volumetric Analysis is scheduled for the fall of 1948 and we bid its appear- 
ance on this date Godspeed. It too will be a fine book. 


Harvey Diehl. 


Monograph on the Progress of Research in Holland during the War. Chemical and Physical 
Investigations on Dairy Products. By H. Eilers, R. N. J. Saal, and M. van der 
Waarden. 14.5 X 20.5 cm. xiii 4- 215 pp.; 51 fig.; 26 tables. New York: Elsevier 
Publishing Company, Inc., 1947. Price: $4.00. 

This is the twelfth of the series of monographs which Elsevier is publishing on various 
aspects of Dutch research during the war. It contains three treatises summarizing the 
results of investigations on the chemistry of dairy products which were carried out by the 
Amsterdam Laboratory of the N. V. de Bataafsche Petroleum Maatschappij at the in- 
stigation of the General Netherlands Dairy Union. These results had been published 
previously in greater detail in Dutch by the authors and their associates in Verslagen 
Landbouwkundige Onderzoekingen^ Volumes 50 and 52. The three topics discussed are: 
(I) the colloid chemistry of skim milk (Eilers), (2) the oxidation-reduction potential of milk 
and of butter plasma (Saal), and (S) researches concerning the chemical processes under- 
lying the deterioration of the flavor of butter in cold storage (van der Waarden). 

Eilers devotes about half of his paper to the composition, state, properties, and behavior 
of the colloidal micelles, calcium caseinate-phosphate and milk serum protein present in 
skim milk. The composition of casein as reported in the literature is summarized, and a 
model molecule containing 1000 nitrogen atoms and having a molecular weight of 89,000 
derived therefrom is used in explaining the properties of this protein. The titration curve 
of casein is shown to be consistent with the ionogenic groups of the model. Results from 
the literature as well as experiments by the author are used to support his contention that 
the caseinate-phosphate of milk is a double calcium salt of casein and phosphoric acid 
rather than a physical complex of calcium caseinate and calcium phosphate. The colloidal 
state of these micelles is described in terms of their size and light-scattering ability, volu- 
minosity, and hydration. The discussion of milk serum proteins is largely taken from the 
literature. Experimental data are presented on the viscosity of skim milk and the effect of 
heat treatment thereon, which is shown to be related to changes in the caseinate micelles 
and to denaturatioii of t he serum proteins. The second half of PJilers^ paper deals with the 
behavior of skim milk on concentration both with and without addition of sugar. Viscosity 
and the distribution of phosphate among the phases are emphasized particularly. 

Saal’s paper on oxidation-reduction potential is a relatively short (36 pages) discussion 
of the components determining the potential, of factors affecting it, and of the relation of 
changes in the potential to the development of oxidized flavors in milk. Oxygen and 
ascorbic acid are the principal components determining the potential (average 4*0.27 v.) of 
fresh raw milk. Reducing substances formed on heat treatment lower the potential , while 
addition of copper or iron salts increases it with a concomitant development of oxidized 
flavors. Butter plasma has a high potential but there is no relation between the potential 
of the plasma and the flavor of the butter. 

Van der Waarden discusses the development of storage flavors in butter, presenting evi- 
dence that, contrary to the generally accepted ideas, fishy flavors in storage butter arise 
from oxidative processes rather than from hydrolysis of lecithin to trimethylamine. The 
materials responsible for the off-flavor were prepared in a highly concentrated form but 
could not be isolated and identified. The relations of formation of peroxides and of parti- 
tion of copper and iron among the phases of butter to the development of off-flavors were 
found to substantiate the hypothesis that the flavors are caused by oxidative processes. 

In general, the book is well organized and fairly well written. Certainly it contains a 
large amount of information which is of interest to workers in the fields covered. The lack 
of access to foreign literature after 1940 is evident, particularly in regard to the discussion 
of milk serum proteins and oxidation-reduction potential. The book contains a consider- 
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able number of errors, particularly in orthography, and the translation is not always as 
smooth as possible, but these defects do not detract from the scientific value of the data 
which it contains. 

Robebt Ji&nkbbs. 

Ofifanic Analytical Reagents. Vol. 4. By Fbank J. Wbujhbb. xiii -f 624 pp. New York : 

D. Van Nostrand Company, Inc., 1948. Price: $8.00 per volume; $7.00 per volume 

on series orders. 

The author^s purpose in this series of volumes is *‘to assemble in one place a description 
of all organic compounds used in the analysis of inorganic substances, and to present a 
discussion of the methods employing these reagents.” The treatment is intended to be 
complete rather than critical, and the inclusion of many inferior reagents and methods is 
freely admitted. All of the literature on the subject available in the United States prior 
to January 1, 1946 is reviewed. 

The analytical reagents are classified according to their structure rather than according 
to their function, and each compound is treated completely in one section. To facilitate 
their use, procedures for the preparation of many of the reagents are included. However, 
no yields are given for any of the preparations; so it is difficult to evaluate them. The 
analytical procedures are reasonably complete; references to the original literature are 
numerous. While structural formulas are given for most of the reagents, with the ex- 
ception of the alkaloids, the structures for many of the metallic complexes are omitted. 

In this volume the following general classes of organic analytical reagents are treated : 
acidic nitro compounds, arsonic acids, organic compounds containing sulfur, alkaloids, 
diazonium compounds, carbohydrates, and dyes. The index of organic reagents and the 
index of uses of these reagents for both the detection and the determination of inorganic 
substances appear to be complete. The paper and the binding of this volume are of excel- 
lent quality. 

R. M. Dodson. 

Mechanical Behavior of High Polymers. Vol. VI of High Polymers. By Turner Alfrby, 

Jr. 581 pp. New York: Interscience Publishers, Inc., 1948. Price: $9.50. 

The author states in the preface that ”the attempt has been made to uncover the funda- 
mental principles underlying the mechanical behaviour of high polymers, and to show how 
such behaviour is correlated with the molecular structures involved.” Such an attempt 
may be expected to be fairly successful with regard to elastic properties, but is too ambitious 
(as the author points out) in dealing with properties so complex as ultimate strength. 

An introduction of 90 pages gives a treatment along conventional linos of the geometry 
of stresses and strains, homogeneous and non -homogeneous stresses, Newtonian and non- 
Newtonian liquids, and thixotropy. The main contents of the book are found in the fol- 
lowing chapters: “Plastoelastic Behaviour of Amorphous Lihear High Polymers”; ‘Three- 
Dimensional Cross-Linked Polymers” ; “Crystallization of High Polymers.” The subjects 
of ‘Plasticization and Solution”, and “Ultimate Strength and Related Properties” also 
are discussed. 

An enormous amount of purely empirical work of practical utility has been done on 
various mechanical properties of high polymers. Quite correctly the author has not at- 
tempted to catalogue or describe such work, and has chosen instead to discuss those 
measurements which can be discussed qualitatively or quantitatively in terms of funda- 
mental principles. The knowledge of the chemical and physical nature of many high 
polymers is increasing now at a considerable rate. For this reason, it is well worthwhile to 
have available a book which summarizes the recent developments in this field. The book 
as a whole is well written and interesting. The comments of the author regarding unsolved 
problems and the nature of the difficulties opposing their solution are illuminating. How* 
ever, this reviewer personally is not in favor of the practice of giving verbatim quotations 
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of many pages in length direct from the original literature, as is done, for example, in pp, 
24 ^- 287 . 


Binding and typography are excellent. 


E. J. Meehan. 


Fatty Acids and their Derivatives. By A. W. Ralston. New York: John Wiley and Sons, 
Inc., London: Chapman and Hall, Ltd., 1948. 

This book is a most valuable addition to the increasing American literature on fatty 
acids and oils. The organization is good, and coverage of the various subjects is quite 
complete, there being over 5000 well-chosen references in the twelve chapters composing 
the book. The numerous tables and graphs are well printed. 

The first five chapters deal with the fatty acids, their synthesis, structure, physical 
properties, occurrence in nature, and methods of preparation from natural fats. 

The remaining chapters are on the derivatives of fatty acids, their synthesis, properties, 
and uses. Reactions of the hydrocarbon chain (oxidation, addition, substitution, polymer- 
ization) are discussed according to the type of reaction . Reactions involving the carboxylic 
acid group are classified according to the structure of the derivatives (esters, amides, 
nitriles, amines, alcohols, ethers, mercaptans, sulfides, sulfonates, anhydrides, acid chlo- 
rides, aldehydes, ketones, hydrocarbons, and soaps) . Chapter VIII on the amides, nitriles 
and amines is particularly complete and well-organized, as would be expected from the 
special interest and experience of the author in this field, evidenced by his statement, “Few, 
if any, series of derivatives of naturally occurring or synthetic substances possess the in- 
trinsic academic and commercial interest which is to be found in the nitrogen -containing 
derivatives of the fatty acids.** 

The section on metallic soaps is rather short and makes bare mention of the considerable 
literature on physical and colloidal properties of aqueous soap solutions. 

The inclusion of an author index would add greatly to the value of the book, as would 
the alphabetical listing of references, w'hich are listed numerically at the ends of the chapters. 

The duplications which exist between this book and Markley*s recent Fatty Acids are 
inevitable, but the organization and emphasis of the two books are sufficiently different so 
that they complement one another very well. 

The frequent mention of actual and suggested uses of the derivatives adds much to the 
usefulness of the book. This book should be owned by every person working in fields 
related to fatty acids and their derivatives. 

* Donald H. Wheeler. 

Synthetic Afethods of Organic Chemistry, A Thesaurus. By W. Theilheimbr, Vol. I, 1942- 
1944. With a foreword by T. Reichstein. Translated by Hans Wynberg. x -f 254 
pp. New York; Interscience Publishers, Inc., 1948. Price: $5.00. 

This, the first of a series of* projected volumes, deals with the literature of 1942-1944. 
Reactions are classified according to an adaptation of the system devised byWeygand. The 
chief bases of the classification are (a) the elements linked together when a new bond is 
formed, (h) whether the reaction is addition, rearrangement, exchange, or elimination, and 
(c) the type of bond which is broken. This, combined with a definite order of t he elements 
(H, O, N, S, Hal., etc.) and the “principle of latest position,** borrowed from Beilstein, 
leads to a rigid order in which reactions will be considered — an index, so to speak, arranged 
on a different basis from the alphabetical. Not all of the possible permutations and com- 
binations are represented, however. 

The individual entries are sketchy, but complete enough to convey a pretty good idea 
of the method, and references to the original articles (and to Chemical Abstracts for this 
English edition) are included. The book is not primarily a book on laboratory methods, 
but, as the author states, “In this series of volumes there are going to be recorded regularly 
new methods for synthesis of organic compounds, improvements of known methods,** etc. 
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Certainly there is a need for some sort of compendium of this kind, for the titles of pubUshed 
papers (on the basis of which such material usually becomes indexed) do not usually incM^e 
references to improvements in techniques, etc. Whether or not this series of books will fill 
this need remains to be seen; this reviewer was not too impressed by this first volume. 
However, the author states that the first volume is to be considered as a trial of the plan 
and of the system of classification; perhaps the later volumes will be more useful. 

To provide cross references, and for those who dislike learning new systems of classifi- 
cation, there is an alphabetical index which to this reviewer appears to be quite adequate. 
The paper and binding are good, and the typography is excellent. 

Lee Irvin Smith. 

Encyclopedia of Chemical Reactions. Vol. II. Cadmium^ Calcium, Carbon, Cerium, Cesium, 

Chlorine, Chromium. Compiled and edited by C. A. Jacobson. 917 pp. New York: 

Reinhold Publishing Corporation, 1948. Price : $12.00. 

The general setup of this encyclopedia has been presented in a review of Volume I (J. 
Phys. Colloid Chem. 61 , 626 (1947)) . The same pattern is used in Volume II. This suffers 
from defects similar to those of Volume I, but it will be welcomed because of its wealth of 
information. The reviewer noticed several omissions: e.g., under cadmium one does not 
find this metal’s reaction with mercury, and the reaction products of cadmium halides with 
pyridine are not mentioned. From the viewpoint of the analytical chemist it is to be 
regretted that the various reagents used for the detection of an element are not grouped 
together; this analytical part is incomplete and presented in an unsystematic way. Why 
should one look under cadmium sulfate for reactions of the aquo cadmium ion with inorganic 
and organic reagents, and why not under cadmium chloride or nitrate? If many reactions 
were referred to under the heading of the ion, duplication could be avoided. For example, 
under both cadmium chloride and cadmium sulfate the reaction with hydrogen sulfide is 
mentioned. Some more systematic treatment would make this encyclopedia much more 
valuable. The appearance and print of the book are excellent. An extensive index to 
reagents — formulas and an * ‘index to substances obtained — formulas” greatly improve the 
usefulness of the book. An errata sheet to Volume I is added to Volume II. 

I. M. Kolthopp. 

The Development of Theoretical Electrochemistry. By R. M. Fuoss. Twenty-second Knnua^ 

Priestley Lectures, April 12-16, 1948 . 24 pp. The Pennsylvania State Colleg^ State 

College, Pennsylvania. 

This series of five Priestley lectures presented by Professor Raymond M. Fuoss has been 
made available in printed form. The monograph contains the following five chapters: 
“Volts versus Amperes”; “Electrolyses: Puzzles and Progress”; “Precision enters Experi- 
ment” ; Precision enters Theory” ; “The Ionic Atmosphere.” The booklet offers a historical 
description of fundamental experiments and theories developed on the basis thereof in the 
field of electrolysis and of electrochemistry in general. It starts with William Henry’s and 
Volta’s classical papers in 1800 and ends with the development of the modern theory of 
electrolytes to the generally accepted theory of Debye and Iltickel. The discussions are on 
a high scientific level and they are based on the knowledge at the time when the various 
discoveries were made. This series of lectures should be of great interest and importance 
to all scientists and especially to students of electrochemistry. 

I. M. Kolthoff. 

Nuclear Forces. I. By L, Rosenfeld. New York: Interscience Publishers, Inc., 1948. 
Price: $5.00. 

This work is the first extended survey of the theory of nuclear forces to appear since the 
end of the war; the volume under review is but the first instalment. The task which the 
antihor has set himself in reviewing critically both the experimental and the theoreticid 
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literature is of herculean proportions, and his analysis earns him the sincere thanks of the 
many physicists and chemists who are interested in the subject. 

The first three chapters of this volume are devoted to an elementary summary of the 
general properties of nuclear systems, about comparable in scope to that to be found in 
Bethe’s well-known book Elementary Nuclear Theory. The remaining five chapters deal 
with the two-particle system on the basis of the hypothesis of central interaction forces. 
The general nature of the hamiltonian to be anticipated for a nucleon is obtained by the 
reduction of the Dirac equation following a method which has the merit of brevity if not of 
clarity, but as the type of analysis needed is standard in the literature the reader can have 
recourse to other sources if he finds the going too rough by the author’s procedure. This is 
followed by a quite thorough sununary of the various arguments and procedures used in 
studying the binding and scattering properties of the two-particle system. The treatment 
will be of most interest to the theoretically minded reader, who will welcome the summary 
of the work of some of the European theorists which perhaps is not widely known in this 
country. It could hardly have been anticipated that the author could arrive at any star- 
tling conclusions from his analysis, but the survey itself is of considerable value. 

After reading this volume the reviewer is forced to wonder why this first part of the work 
was issued in advance of the remainder, and in any event why it was issued in its present 
incomplete form. There could have been real point in making this a self-contained work 
on. nuclear systems up to the two-body configurations, but there seems to be little merit in 
any event in forcing the reader to turn to the later volumes for the index and for all liter- 
ature references. For this reason alone the reader will find it a matter of practical necessity 
to have the complete work even to make this first volume of full value. 

It is to be hoped that the remaining parts of the work covering the analysis of the systems 
of three or more particles, and of non-central forces, will be forthcoming soon. 

Edward L. Hill. 

The Chemical Constitution of Natural Fats. Second edition. By T. P. Hilditch. New 

York: John Wiley and Sons, Inc., 1947. Price: $9.00. 

The constitution of triglyceride fats and oils is discussed in this volume in a manner 
designed to develop their interrelationships as a group of naturally occurring substances. 
After a brief survey of natural fats, the author proceeds in a logical manner with a thorough 
discussion of the component fatty acids of fats of aquatic, land animal, and vegetable 
origins, and follows with an extensive discussion of the composition of natural fats in terms 
of their component glycerides. A brief chapter dealing with some biochemical aspects of 
fats is followed by a chapter devoted to the chemical constitution of individual natural 
fatty acids. There is a miscellaneous chapter dealing with synthetic glycerides, naturally 
occurring fatty alcohols and related substances, and finally a very important chapter 
dealing with the techniques employed in the quantitative investigation of fats. 

This second edition, published seven years after the first, has been lengthened by more 
than one hundred pages. Most of the increase is due to the inclusion of new data on the 
chemical composition of fats. The biggest addition has been made in the section dealing 
with the component acids of the fats of land animals, where a considerable amount of new 
information on the depot and milk fats of wild animals, domestic animals, and the human 
species is given. 

Much new information is also given in the chapter on the component acids of vegetable 
fats and in the chapters on the component glycerides of animal and vegetable fats. Re- 
cently acquired knowledge about the constitution of the natural fatty acids, particularly 
the more unsaturated and some of the more rare fatty acids, is included. 

The important chapter on biochemical aspects, dealing largely with the biosynthesis of 
fats, is understandably somewhat weak, largely because the progress of research in this 
field has been slow and difficult. The brief section on rancidity in this chapter appears not 
to have any important relationship to the rest of the material in the volume and, in view 
of the necessarily inadequate treatment, need not have been included. 
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The author has expanded the last Chapter dealing with analytieal techniques* This 
new material will be welcomed by many research workers. Since no one is better quadiSed 
than the author to discuss methods for making these very complex mialyses, it is to be ho|jed 
that there will be a further expansion of this section in later editions to help others in under- 
standing and overcoming the technical difficulties involved in the complete analyins of fats. 

This work continues to be the outstanding source of information in its held. It is all the 
more remarkable since so much of the information on the composition of fats and so many 
of the ingenious analytical methods have been contributed by the author himself. 

W. 0. Lxtndbbbg. 

Isomerism and Isomerization of Organic Compounds. By Ebxbt David BEBOMANif. 
xii 4- 138 pp'. New York: Interscience Publishers, Inc., 1948. Price: $3.50. 

This book, based on a series of lectures presented at the Polytechnic Institute of 
Brooklyn, provides an extremely interesting introduction to isomerism and isomerisation. 
Ernst Bergmann is an expert in this held and many of the examples cited are from his work.’ 
Chapters on resonance, cis-trans isomerism, isomerization of olehns, isomerization of 
.parsons, the mechanisms of substitution reactions, and the mechanisms of intramolecular 
rearrangements are included. Numerous references to the original literature are given. 
The book, however, suffers from two serious defects. First, numerous errors occur in the 

formulas. Forexample, nitrogen atoms possessing hve bondB^N<^{^Pe throughout 

the book. The formula which is given on p. 83 as an example of a compound which is 
optically active because of steric effects possesses a plane of symmetry and could not 
possibly be resolved. On p. 59, the molecule used to illustrate the allylic rearrangement 
would form the same compound irrespective of the mechanism of the replacement reaction. 
Second, many of the theories presented are no longer generally accepted. For example, in 
the addition of bromine to a double bond, primary attack of the double bond by a positive 
bromide ion is now generally accepted, not attack by the negative bromide ion, as suggested 
on p. 57. Other serious differences with accepted theories could be noted. 

In spite of these defects, the book is very stimulating if read critically. The paper is 
good and the binding excellent. 


E. M. Dodson. 
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INTRODUCTION 

Despite the importance of silicates, knowledge of their thermodynamic prop- 
erties is quite unsatisfactory. This is particularly true of the sodium silicates. 
Published heats of formation of sodium metasilicate vary by as much as 40,000 
cal. (3, 6) and in some cases are obviously erroneous. Only scattered data are 
* available for the other forms of sodium silicate, and in some cases the reactions 
occurring appear to have been erroneously reported. Consequently it seems de- 
sirable to collect and examine critically the available data for the purpose of de- 
termining the best values. 

It is important to use a consistent set of values for the basic compounds. 
Thus, quartz is involved in several of the reactions and reported heats of forma- 
tion vary by 20,000 cal. (3). If the same value is used throughout, any error 
produced will cancel in many reactions involving quartz, or compounds derived 
from it, both as products and as reactants. This error is more likely to be made 
when the basic values used arc not apparent in the final result. 

The phase diagram of the system Na20-Si02 (4, 9, 16) shows the presence of 
sodium orthosilicate (Na4Si04), sodium metasilicate (NaaSiOs), and sodium di- 
silicate (NaaSiaOa). The more alkaline region is still controversial; the pres- 
ence of sodium pyrosilicate (NaeSiaO?) has been reported, but is still somew^hat 
doubtful. However, there is independent evidence for its existence (11, 26), 
•so it will be included here. 

A sodium tetrasilicate (25) and crystalline hydrates of sodium metasilicate 
(2) and sodium sesquisilicate (1, 15) have been reported, but there are insuffi- 
cient thermal data on them to warrant calculations. Melts of sodium silicate 
more siliceous than sodium metasilicate show a great tendency to vitrify on cool- 
ing, so that glasses of variable composition may be obtained. In such cases it is 
probable that the properties depend on their previous history. However, such 
glasses have sometimes erroneously been reported as normal compounds (11). 
Various solid silicic acids or hydrates of silica have also been reported, but these 
most probably consist only of water adsorbed on silica gel and are not definite, 
reproducible compounds. 

The values reported for heats of solution and of reaction, as well as for AH 
and AF, are in defined calories (= 4.1833 joules) absorbed in the process, in 
accordance with customary thermod 3 mamic usage. These are based on 1 gram 
molecular weight of substance; sometimes this has required a revision of earlier 
data, owing to changes in accepted atomic weight values. 

1277 
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SOURCES OF DATA 

The most recent value for the heat of formation of quartz is that reported by 
Troitzsch (12, 23) from the combustion of silicon and a comparison of the heat of 
solution of the product in 20 per cent hydrofluoric acid with that of quartz. 
This yields for the formation of quartz from its elements AH® = — 208,300 ± 350 
cal., a value which may be assumed to hold at 25®C., since the correction for 
temperature is much less than the probable error. 

There are several sources of data for heats of formation of sodium silicates. 
Calorimetric measurements of various sorts have been made, but many of these 
are of questionable accuracy. Much of the work is quite old, and in some cases 
the products of the reaction are uncertain. 

Mulert (18) lists for the heat of solution of sodium metasilicate in 20 per cent 
hydrofluoric acid, for the heat of solution of quartz in 20 per cent hydrofluoric 
acid, and for the heat of neutralization of hydrofluoric acid with sodium hydrox- 
ide the values —55,900, —29,810, and —18,900 cal., respectively. These yield; 

2NaOH(0.867 N) -|- Si02(quartz) = Na*Si 03 (c) -1- H20(l) (1) 

AH = -11,700 cal. 

Using the heats of formation of quartz (—208,300 cal.), of 0.867 N sodium hy- 
droxide (—112,150 cal. (3)), and of water (—68,310 cal. (3)) gives —376,000 cal. 
for the formation of sodium metasilicate from the elements. These data were 
used by Bichowsky and Rossini, but with a different heat of formation of quartz, 
to obtain their listed heat of formation of sodium metasilicate, —371,200 cal. 

Matignon (13) found for the heat of neutralization of sodium metasilicate with 
hydrochloric acid, with silica gel as product, the value —32,800 cal. Combining 
this with the heat of solution of silica gel and of quartz in hydrofluoric acid, 
—33,600, and —29,800 cal., respectively, yields: 

NasSiO,(c) -f 2HC1(0.5 N) = 2NaCl(0.5 N) -}- SiO*(quartz) + HiO(l) (2) 

AH = —36,800 cal. 

Together with the heats of formation of 0.5 N hydrochloric acid (—39,400 cal.) 
and 0.5 N sodium chloride (—97,165 cal. (3)), water, and quartz, this gives for 
the formation of sodium metasilicate from its elements, AH = —355,300 cal. 

The direct heat of reaction of quartz and sodium carbonate was measured by 
Tschemobaef (24) in a bomb calorimeter. 

Na 2 CO*(s) -I- SiOa(quartz) = Na*SiO»(c) -|- CO* (3) 

AH = 30,900 cal. 

Using —270,830 cal. as the heat of formation of sodium carbonate, from the 
value of —271,020 cal. by Kelley and Anderson (8) corrected for the latest heat 
of formation of carbon dioxide (—94,052 cal. (19)), gives —354,180 cal. for the 
heat of formation of sodium metasilicate. 

Troitzsch (23) measured the heats of solution of quartz, sodium carbonate, 
and sodium silicate in hydrofluoric acid, calculating for reaction 3, AH » 20,380 
cal., or for the heat of formation of sodium metasilicate, —364,700 cal. 
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The heats of solution of several vitreous silicates in hydrofluoric acid were also 
measured by Troitzsch (21, 23). These data may be expressed as: 

NajSiOjCc) = Na2Si03(gls) (4) 

AH = 4900 cal. 

NasSiOj(c) + (n — l)Si02(quartz) = Na20-nSi02(gls) (5) 

AH = 4100 cal. at » = 2.07 
4900 cal. at « = 3.28 

Mixter (14), and later Ruff and Grieger (22), measured the heats of reaction of 
sodium peroxide with silicon, with carbon black, and with silicon carbide. Their 
results are not in good agreement, but the latter investigators apparently took 
more care and made more careful corrections for side reactions. Both con- 
sidered the products to include sodium metasilicate and sodium oxide, as did 
Bichowsky and Rossini. But sodium oxide has been shown to react with silica 
to form sodium orthosilicate (27), so the latter has been assumed to be the prod- 
uct, giving more reasonable results. From the results of Ruff and Grieger 

2Na202 + Si = Na 4 Si 04 AH = -259,350 cal. (6) 

2Na202 + C = Na 2 COa -|- Na20 AH = -145,340 cal. (7) 

4Na202 + SiC = Na 4 Si 04 + Na 2 COs + NasO AH = -375,150 cal. (8) 


Using equation 6 and the heat of formation of sodium peroxide (—119,200 cal. 
(3)) yields for sodium orthosilicate the value —497,750 cal. The difference 
between reactions 7 and 8, and the heat of formation of silicon carbide (—28,000 
cal. (3)), and correction for the heat of combustion of the carbon black used as 
compared with graphite give —498,900 cal. for sodium orthosilicate. The latter 
value is less reliable, owing to the relatively large uncertainty in the heat of for- 
mation of silicon carbide. 

Equilibrium pressures of carbon dioxide in the reaction of sodium carbonate 
with quartz and with various forms of sodium silicate have been measured by 
Kroger and Fingas (11). The results are dfficult to interpret, involving second- 
ary reactions and sometimes apparently formation of solid solutions. A plot 
of log p against 1/T shows a series of points falling nearly on a straight line for 
each reaction, and also many points lying between. By a somewhat arbitrary 
choice of the points lying close to each straight line the following equations may 
be obtained by the method of least squares: 

Na^COs -|- Si02 (quartz) = Na 2 Si 03 -)• CO 2 (3) 

log p = 8.634 - 4987/r (425 to 600°C.) 


Na 2 CO, + 2 Na 2 SiO, = NaeShOr + CO 2 
log p = 10.334 - 10,410/r 


(9) 

(870 to 1050'’C.) 


Na 2 CO, + NaaSuOj = 2Na,Si03 + CO 2 

log p - 8.8650 - 5580/r 


( 10 ) 

(450 to OdO'C.) 



1280 


KBWTON W. MCCBBADY 


Na,CK), + Na^SteOr * 2Na.SiO« + CO, (11) 

log p - 9.179 - 9670/5r (1060 to 1160*G.) 

Two other lines are omitted, since vitreous sUicates were used and the results 
cannot be interpreted. It is not certain that the other reactions are assigned 
correctly, as the products were not identified, but the above equations seem to 
be the most reasonable. However, the hi^>temperature heat capacity cf sodium 
carbonate is unknown, as well as that of several of the silicates, so that an exact 
correction to room temperature is not possible. This is specially true of reac- 
tions 9 and 11, in which cases the sodium carbonate was fused and may have con- 
tained dissolved silicates. 

The pressure of water vapor at equilibrium in the reaction of sodium hydroxide 
and sodium metasilicate has been measured by Zintl and Leverkus (26). The 
points fall very closely on three lines intersecting at 400®C. These may be inter- 
preted as representing the following reactions: 

2NaOH -t- Na,SiO, = Na4Si04 + H,0 (12) 

log p = 6.250 - 2609/T 

2NaOH + 2Na,SiO, = NaeSuOr + H,0 (13) 

log p = 8.238 - 3950/r 

2NaOH + N&SUOr = 2 Na 4 Si 04 + H,0 (14) 

log p = 4.234 — 1254/7’ 

Reactions 12 seems to occur mainly below 400°C., and reactions 13 and 14 
above 400‘’C., indicating that NaoSUO? is stable only above this temperature, 
although it does occur occasionally as a metastable phase below 400'’C. Since 
these reactions occur above the melting point of sodium hydroxide and its heat 
capacity is not known, correction to 25°C. cannot be made exactly. 

Low-temperature heat capacities have been measmed for sodium ortbosilicate, 
metasilicate, and disilicate (6). These lead to the following entropies at 25°C.: 
46.8, 27.2, and 39.4, respectively. High-temperature heat capacities have also 
been determined for sodium metasilicate and sodium disilicate (20). However, 
the transitions reported earlier in sodium disiUcate (10) were not found. Pos- " 
sibly the quenching method did not allow time for the transitions to occur. 

CALCULATIONS ANU BBSULTS 

Sodium metasilicate: The heat of formation from the data of Mulert is far below 
that of the others, and is probably not of high accuracy. The neutralization with 
hydrochloric acid probably gave incomplete precipitation of silica, so that the 
result of Matignon would give too hi^ a value. In the bomb calorimeter of 
Tschemobaef, the product probably fused and may not have crystallized com- 
pletely on rapid cooling, yielding too hi^ a result. 

The equilibrium measurements (tf Ki^ger and Fingas yield for reacticm 3, 
AH =■ 22,800 cal. at about 500‘’C. An estimated correction to 26®C. gives AH 
23,900 cal., frinn which the heat of formation of sodium metasilicate becinnes 
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—861,200 cal. The value by Troitzsch, —364,700 cal., is probably the most 
reliable, and will be accepted. 

From the entropies involved (6, 7), values for the formation of sodium meta- 
silicate from its elements at 25°C. become 

A5® = -75.3 and AF® = -342,200 cal. 

Sodium disilicate: The only source of data on sodium disilicate is reaction 10. 
Subtracting equation 3 from equation 10 gives: 

NajSijOj = Na 2 Si 03 Si02 (16) 

^H = 2.303 X 1.987(5580 - 4987) = 2710 cal. 

Correcting from SOO^C. to 25°C. gives hH = 3120 cal. From the entropy 
values (6, 7) we find AS" = —2.1. Therefore, AF" = 3750 cal. Conse- 
quently for the formation of sodium disilicate from its elements at 25‘’C. : 

Aff = -576,100 cal. AF® = -541,200 cal. 

Sodium orthosilicaie: From equation 6 and the data of Ruff and Grieger the 
heat of formation of sodium orthosilicate becomes —497,750 cal., which is 
probably the most reliable value. This could also be calculated from equation 
12 if an adequate correction for temperature were possible. A rough estimate 
yielded —492,500 cal. The use of equation 11 involves still greater uncer- 
tainty, owing to the very high temperatures; an estimated correction gave 
—488,000 cal. Both of the latter two may be neglected, and —497,800 cal. 
may be taken as the most probable value. 

From the entropy of sodium orthosilicate, its free energy becomes —466,600 
cal. 

Sodium pyrosilic(Ue: From the difference between equations 14 and 12: 

Na,Si 207 = Na4Si04 + NajSiO* (16) 

= 2.303 X 1.987(1254 - 2609) = -6170 cal. 

and AS = —9.2 

Since all the constituents are crystalline solids, assuming that heat capacities 
are additive, correction for temperature may be neglected. Thus for the forma- 
tion of sodium pyrosilicate from its elements, AH = —856,300 cal. and AF® = 
-812,200 cal. at 25‘’C. 

A rough estimate from equation 9 yields 

AH = -846,600 cal. 

Vitreous sodium silicate: Sodium silicate glasses of variable composition are 
readily formed by cooling a fused mixture and may be represented as Na20 • nSiO*. 
Probably the thermodynamic properties vary with rate of cooling and other treat- 
ment, so that any values foimd w'ould not hold in all cases. How'ever, it is likely 
that such variations do not in general exceed a few hundred calories and that the 
major cause of the deviations found is experimental error, as similar differences 
have been obtained with crystalline compounds. 
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It is necessary that the heat of formation of a glass be greater than of the cor- 
responding crystalline compound (if one exists), as is readily proven. For the 
reaction 

Crystal = glass 

AS > 0 owing to the greater randomness in the vitreous state, and below the 
melting point, where the crystalline form is more stable, AF > 0. Therefore, 
Aff = AF + TAB > 0. This is not the case with the values reported by Bich- 
owsky and Rossini (3) and in the International Critical Tables (5), so that at least 
one value is in error. 


TABLE 1 

Thermodynamic values at tB^C. 


OOKPOVNX) 

STATE 

MI 

AF» 

5» 

Na 48 i 04 

Crystalline 

calories 

-497,800 

calories 

-466,600 

46.8 

Na6Si20T 

Crystalline 

-856,300 

-812,200 

83.2 

NatSiO, 

Crystalline 

-364,700 

-342,200 

27.2 

NajSiOa 

Vitreous 

-359,800 

(-338,000) 

(29) 

NasSisOs 

Crystalline 

-576,100 

-541,200 

39.4 

NajO*nSi02 

Vitreous 

(-151,800 

(-142,600 

(18 -f lln) 

SiOa 

Quartz 

i i 

00 00 

1 1 

-195,600w) 

-195,300 

10.1 

SiOa 

Cristobalite 

-208,000 

-195,000 

10.4 

SiOg 

Tridymite 

-207,800 

-195,000 

10.2 

SiOa 

Vitreous 

-206,000 

-193,400 

11.2 

NatCO, 

Crystalline 

-270,830 

-250,950 

32.5 

COj 

Gas 

-94,052 

-94,260 

51.06 

Na202 

Solid 

-119,200 




The data of Richter and Roth (21) yield for the reaction 

Na 2 SiOa(c) + (n — ])Si02(quart2) = Na20-nSi02(gls) (5) 

AH “ 4900 cal. at n = 1, 4100 cal. at n = 2.07, and 4900 cal. at n = 3.28. 
Within experimental error AH may be taken as constant and equal to 4600 cal. 

The entropy of silica glass is given as 11.2 (7), about one unit greater than for 
quartz. As there are no entropies known for vitreous sodium silicate, it may be 
assumed that there is one entropy unit for each mole of silica plus an entropy 
of mixing over that corresponding to the sum of the component oxides. For a 
perfect solution the entropy of mixing is given by —R(Ni In Ni + Nt la Nt), 
where R is the molar gas constant and Ni and Nt are mole fractions of the two 
eonstituents. For vitreous Na20‘nSi02 (taken as a solution of Na^O and SiOa) 
this varies from 1.39 to 1.00 as the value of n varies from 1 to 4. This may be 
put approximately equal to 1, so that as a rough estimate for reacticm 5: 

A5 - n + 1 
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Silica: The heat of formation of quartz, as already described, is taken as 
—208,300 cal. Taking the entropy as 10.1 (7) gives a free energy of formation of 
— 195,300 cal. Corresponding values for other crystalline forms of silica may 
be obtained from heats of transition and entropies (17). The heat of formation 
of vitreous silica may be obtained from its difference in heat of formation from 
that of quartz (3). 

For convenience the values obtained are summarized in table 1, together with 
those of several compounds used in obtaining them. Cases requiring the most 
approximations and assumptions are enclosed by parentheses. 

SUMMARY 

The thermal and equilibrium data on sodium silicates are reviewed and the 
most probable values for the heats and free energies of formation at 25°C. cal- 
culated for Na 4 Si 04 , NacS^O?, Na 2 Si 03 , and Na 2 Si 206 . 

Estimated values are obtained for vitreous sodium silicate. Values for the 
various forms of silica consistent with these are also listed. 
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Starting in 1939, the author and his associates have perfected methods for the 
determinatiou of single mono- and divalent cations (Ki, NH 4 , Na, Ca, Mg) based 
on the use of mineral membranes (4, 5, 6 , 7, 8 ). First, thin plates cut and ground 
from crystals of cation-exchange minerals were investigated ( 1 ). Chabasite 
and apophyllite were ^own to act almost as though they were permeable to 
cations only, and their widespread use was precluded mainly by mechanical 
difficulties attendant on their preparation and the electrical limitations caused 
by very hi^ resistance. Since 1941 the work has been concentrated upon mem- 
branes prepared from highly colloidal clays of the montmorillonite group. It 
was shown that heat treatments up to 400-600°C. improved both the mechanical 
and the electrochemical properties and rendered the clays very suitable for the 
determination of cationic activities. In all this work the comparison of differ- 
ent membranes was aided by a theory advanced independently by Teorell ( 12 ) 
and by Meyer and Sievers (9) for porous, electrically charged materials. 

It was evident from the beginning that none of these membrane materials 
could properly be re^rded as porous in the sense that water molecules could 
readily pass through them. Nevertheless, the Teorell-Meyer-Sievers theory 
predicted the behavior of all the mineral membranes studied in a qualitative and 
frequently in a semiquantitative way. This concordance in general behavior is 
undoubtedly due to the great practical importance of a quantity A, described as 
the selectivity constant. It is defined as the mean activity, within the mem- 
brane, of the mobile ion whose charge balances that of the membrane frame- 
work. * The great advance which this concept represents stems from the clear 
recognition that membranes are electrochemical entities in their own right; they 
can therefore be treated formally as electrolytes. 

The main features of the Teorell-Meyer-Sievers theory may be seen from figure 
1 . The effective charge A is responsible for the setting up of two Donnan po- 
tentials near the membrane surfaces. A liquid-junction potential arises within 
the membrane at the contact of the two salt solutions employed. The total 
potential measured when a single monovalent-monovalent salt is present on the 
two sides at two different concentrations is the sum of these three potentials. 
AH involve A; the liquid-junction potential is determined also by t^ ratio oi 
mobility of cation to mobility of anion for the particular salt employed. Two 
limiting cases arise. When A is large compared with the salt cdncontraticms, 
the liquid-jimctiim potential disappears, that is, no salt penetrates to the interior. 

* Uidversity of Mnouii Agricultural Experiment Station Journal Series No. 1082. 
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Tom ^ 

At the same time the two Doiman potentials together simplify to In — , which 

F 

is the Nemst equation. Secondly, when Ci and C2 are large compared with A, 
the two Donnan potentials become negligibly small and the liquid-junction po- 
tential, in the absence of a specific sieve effect, then has the normal value for 
free contact of the two solutions. For porous membranes, therefore, the meas- 
ured potential should be between these two limiting values. When the ratio of 
cationic activities on the two sides has a fixed value, then the experimental curve 
obtained by plotting total potential against log 1/02 can, if it agrees with the 
theory, be used to determine two characteristics of the membrane: the thermo- 
dynamic charge A, or selectivity constant, and the ratio UdUa, which may or 
may not be identical with the same ratio for the salt in water alone. If it is not 
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Fig. 1. A diagrammatic sketch indicating the main features of the Teorell-Meyer- 
Sievers theory of membrane potentials. 


identical this means that the membrane itself exerts a mechanical sieve effect 
which can be measured by the ratio iUc/Ua)tmmbnxa)/{Ue/Ua)wiUT- In prac- 
tice the salt employed for such experiments is potassium chloride, for which 
(Ue/Ua)mta IS approximately 1 . Then {Ue/Ua)mmbimti is a measure of the aeve 
effect. 

The actual determinations of A and of (,Ue/Ua)membnMe are effected graphically. 
Using a fixed ratio ai/ot, a family of curves is drawn for A = 1 and assigned 
values of Uc/Ua- The experimental curve is then compared with these, as re- 
gards both shape and position. If the theory holds for the membrane under 
investigation, then it should match in shape one of the theoretical curves whose 
Ue/Ua value is known. The displacement of the experimental from the theo- 
retical curve measures —log A. 

In actual fact, relatively few measurements even on porous membranes have 
extended over a sufficiently wide range of concentrations to afford a precise test 
of the theory. Our mineral membranes depart quite markedly from it in the 
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sense that TJ^IVt and A seem to decrease with increasing salt concentration. 
One of the primary assumptions, however, is that A is independent of the salt 
concentrations. This could only be strictly true if the membrane acted as a 
strong colloidal electroljdie, that k, if the activity coefficient of the dissociating 
ion were close to unity throughout. For many membrane materials this is un- 
likely to be the case. Certainly clay membranes, if they behave like clay sus- 
pensions, should dissociate only a small fraction of the total exchangeable cat- 
ions. One could anticipate that this fraction would decrease considerably with 
increase in salt concentration. This departure from the theoretical behavior 
could arise with porous and non-porous membranes alike. 

Several properties of clay membranes preheated to temperatures between 300® 
and 600®C. pointedly indicate that they are not porous in any ordinary sense of 
the term. 

(а) The specific resistance of the membrane material in salt solutions is too 
high for any appreciable amount of salt to be present in internal pores. 

(б) Osmosis experiments fail to show measurable water movement. 

(c) Using hydrochloric acid solutions it is found that potentials lower than 
would arise with a free liquid junction may be obtained. To explain this fact 
using the Teorell-Meyer-Sievers theory one would have to assume the presence 
of a sieve effect which retards the hydrogen ion relative to chloride. In view of 
their relative sizes this seems impossible. On the other hand, this result would 
be a natural consequence of the absence of a liquid junction in the interior. The 
total potential would then he Ei + Et (figure 1), which diminishes continuously 
as ai and at increase together in comparison with A. Instead of a family of 
theoretical curves for different values of Ue/ Ua we should have the single curve 
for which Uc = U®. 

This situation is illustrated by figure 2, based on E. 0. McLean’s unpublished 
experiments with hydrochloric acid and hydrogen Putnam clay (beidellite) mem- 
branes preheated to 600®C. The membranes were first characterized by their 
curves with potassium chloride, then with hydrochloric acid, and finally were 
retested with potassium chloride to insure that their electrochemical properties 
had not been changed by the acid treatment. It was not possible to use very 
high acid concentrations. However, there is no doubt that potentials lower than 
for a free liquid junction are obtained. 

(d) Studies of the moisture content of clay films heated to various' tempera- 
tures have shown that more water is held than for the powdered clay. The 
bonding energy for interparticle water becomes indist i nguishable from that of 
the intralayer water of the montmorillonite clays. The whole film thus acts 
more as a single phase than as a system of capillaries. As the temperature of 
pretreatment rises the film becomes more compact, its moisture content de- 
creases, and its electrochemical properties become more favorable as shown by 
an apparent increase in A. The quantitative changes in these properties depend 
upon Hie exchange cation present. 

On the other hand it is very evident from the decrease in potential with in- 
crease in salt concentration (the ratio of concentrations being held ccmstant) that 
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these Hiineral electrodes cannot simply be treated like solid solutions or amal- 
gams, which would give theoretical values at high concentrations. They evi- 
dently possess an intermediate character in which variation in A is still of great 
importance, whether caused by a change in total exchange capacity or by vari- 



Fio. 2. The relationship of theoretical curves resulting from free liquid-] unction po- 
tentials of hydrochloric acid in water, UdUa =* 4.8, and those arising only from Donnan 
effects, Vein a « 1, to the experimental curve for hydrochloric acid using 600°C, Putnam 
membranes. Ui/oa « 3 for all curves; A =» 1 for theoretical curves. 

ation in the membrane ionization. They are essentially homoporous, to use 
Sollner’s (11) term, as contrasted with the heteroporous nature of the oxidized 
collodion membranes studied by him. 

MODIFICATION OF EXISTING THEORY 

As far as experiments with the same salt on both sides of clay membranes go, 
it would seem that the Teorell-Meyer-Sievers theory needs simplifying in one 
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r»^)ect but amplifying in another. If Hie internal liquid junction is absent, 
then their equation involves only the two Z>onnan potentials and may be written 
in either of the forms: 


-^mambrane 


^membrane 



A complete theory for this case should provide also for variation in A with 
variation in concentration of the external electrol 3 rte. This does not seem to be 
at present feasible, owing to our imperfect theoretical knowledge of the behavior 
of colloidal electrolytes in general and to our practical ignorance of the dissoci- 
ation of membrane materials in particular. 

A concept which gives a qualitatively accurate picture of the behavior of these 
membranes, although probably oversimplified, represents the structure as es- 
sentially cellular on a molecular scale. Close to the outer surfaces are narrow 
zones accessible to the outer solution. Here the Donnan equilibria are set up. 
The actual depth of penetration will probably vary somewhat from place to 
place. Statistically we can imagine the Donnan effects to be operative within 
a certain mean volume close to the outer surfaces of the membrane. The in- 
terior can then be thought of as homogeneous, the exchange ions being held with 
specific bonding energies. This concept, as we shall now see, leads to a com- 
pletely new interpretation of the potentials obtained when such a membrane 
separates different salt solutions. 


POTENTUL THBXJEY FOK DIFFBEENl' SALTS 

Considerable work was carried out by Michaelis and his collaborators on dried 
collodion membranes with different salt solutions on the two sides (10). They 
termed the potentials measured “biionic potentials” and showed how, for porous 
materials, these could be regarded as liquid-junction potentials in which the 
anion has zero mobility. From the measured potential it was possible to calcu- 
late the mobility ratio of cations within the membrane, provided the cationic 
activities were known. This treatment has also been used by us as a meanw of 
characterizing clay membranes for analytical applications involving mixtures of 
catimis. The equations for the different cases are derived on the assumption 
that Cl and Ct are small compared with A; that is, the determinations should 
lie within the range in which the membranes obey the Nemst equation for single 
salts, llie Henderson or Planck equations for liquid jrmctions are then applied, 
aero mobility being assigned to all anions. The renting equations axe rela- 
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tively simple where cations of the same valency are used but become somewhat 
complex for mixtures of cations of different valencies (2). 


A. Mon(milerU-monovalerU case 


Consider the energy changes involved in the operation of a reversible cell of the 
type: 


AglAgCl 

KCl 

Membrane 

NaCl 


ai Cl 

K-^dC- + Na+)Na+ 

Ot2C2 


AgCllAg 


The membrane is assumed to hold potassium ions only in contact with the po- 
tassium chloride solution and sodium ions only in contact with the sodium chlor- 
ide solution; in the interior both sodium and potassium ions are held. ai and 
at represent the activity coefficients, and Ci and C 2 the concentrations of the 
potassium chloride and sodium chloride, respectively. 

We consider the various changes which occur during the passage of dn faradays 
of electricity through the cell, the direction being such that potassium ions move 
from left to right. 

(/) Heal effects: The potassium chloride solution loses dn equivalents of po- 
tassium ion to the membrane and dn equivalents of chloride ion to the silver. 
Simultaneously the sodium chloride solution gains dn equivalents of sodium ion 
from the membrane and dn equivalents of chloride ion from the silver chloride. 
The heat changes as regards the silver chloride balance. Let the differential 
heats of adsorption or combination of potassium and sodium ions on the mem- 
brane be respectively Hk* and The heat gain by the membrane is -f 

dn Hk* calories. The heat loss by the membrane is — dn Hnb* calories. Thus 
the total heat effect = dn (Hr* — Hn«*). 

(B) Osmotic effects: 


Osmotic work gained in removal of K+ from KCl = dn RT In 2aiCi 
Osmotic work gained in removal of Cl” from KCl = dn RT In 2aiCi 
Osmotic work lost in addition of Na+ to NaCl = — dn RT In 2«2C* 
Osmotic work lost in addition of Cl” to NaCl = — dn RT In 21 x 201 
The total osmotic work = 2 dn RT In 2aiCi — 2 dn RT In 2a2C2 


(3) Electrical effects: If Etoui is the total potential of the above cell, then the 
electrical work in the passage of dn faradays of electricity is dn FE joules. This 
electrical work can now be equated to the sum of the heat effects and the osmotic 
work, the former being multiplied by 4.186 to convert calories to joules. We 
then have: 


dn FEtoM = 4.185 dniH^* - + 2 dnRT In ■ 


2aiC', 


2ociCt 


„ ^4.185,„^ , 2i2r, aiCi 

ihiiMl ■“ ~lp~ "Na+1 T m 


(la) 


The membrwe potential is simply obtained by subtracting from Etoui the sum 
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RT Oci 


the potentials at the silvei^-silver chloride electrodes— namely, -p- In 


which for very dilute solutions can be set equal to — In 
p _ 4.185 frr rr 1 In 

nmanbnne rT" \.“KC1 -“NaCU T “ST jjf 

j r atLt 


OOI 

Thus we have 
(lb) 


It is the membrane potential which is assumed to be measured when saturated 
calomel electrodes with saturated potassium chloride bridges are used in place 
of the silveivsilver chloride electrodes. In either case, if the concentrations of 
salts are so chosen that aiCi = a^t, then the measured potential is a linear 
function of the difference in the differential heats of adsorption of the cations. 
Thus the potential measurement leads to the computation of Hk* — Hn»+- 
Equation lb may now be compared with the equation derived for the limiting 
case of a liquid junction in which the anions have zero mobility. 

B«».b,«„. = ^ln^ (Ic) 

^ <lNa+ 

Here aK+ and aNa+ are the individual cationic activities on the two sides of the 
membrane, and 17 k+/ U Na* is the mobility ratio of these ions within the membrane. 
If the solutions concerned are sufficiently dilute that we can make the approx- 
imation 

O^lCj _ Qk 
^2 C 2 aiia 

then we shall have: 


RT 

F 


In 


Uk^ 

C/Na+ 


(Hk- - Hn.+) 


(Id) 


In this way the apparent mobility ratio can be linked with a thermochemical 
property of the membrane: namely, the difference in the differential heats of 
adsorption (or combination) for the two monovalent cations. 

The question must now be considered whether both these approaches can be 
justified for one and the same membrane. The mobility ratio equation is quasi- 
thermodynamic in the same sense as any liquid junction. Actually in deriving 
it we say nothing regarding porosity; and the assumption that the anions have 
»ro mobility is simply another way of saying that they do not penetrate through, 
or that the Nemst equation is obeyed with respect to the cations alone. The 
same formal treatment thus can be applied to any membrane imder this 
limitation. 

Precisely the same is true of the thermochemical approach. The only limi- 
tation is that the Nemst equation should be obeyed, that is, that somewhere in 
Uie membrane there should be a layer of material which, when a small current 
is passed, merely loses one kind of cation and gains another, the anions having 
no part m the process. It would seem then that porous membranes will, under 
this limitaticHi, follow the thermochemical equation derived above. 
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Hence there are two formal treatments applicable to all membranes showing 
complete selectivity towards cations. Under some circumstances the mobility 
ratio may be needed (for example, in certain analytical applications). Under 
other circumstances information on differences in differential heats of adsorption 
may be helpful. The use of the one or the other is a matter of choice, and does 
not imply that any special structure can be ascribed to the membrane itself. 

Indeed it seems possible, although this has not yet been experimentally tested, 
to use equation la in order to learn something about differences in differential 
heats of adsorption or combination for various colloidal electrolytes in the gel 
form. A relatively thick immobile plug of the gel would take the place of the 
membrane. It would first be tested with different concentrations of a single 
salt in order to determine the range within which the Nemst equation is obeyed. 
Then within this range known concentrations of different salts could be used to 
determine (Hk+ — Hk.+). or similar differences for other pairs of monovalent 
cations. 

B. Divalent-divalenl case 

Pursuing the same argument as in the previous example we first calculate the 
total potential of the cell. 

Ag 1 AgCl CaCU Membrane MgCb AgCl | Ag 

«,Ci Ca-^(Ca^ + Mg++)Mg++ ajCj 

„ 4.185, „ „ . .SRT, 3«jCi ^ 

21? ^M,) + 2 p ^2a) 


RT dr 

From this we subtract In ~ or, to a first approximation for very dilute 

r oci 


. RT I oiiCi , . , 
solutions, In , which 


gives: 


^membrane 




The corresponding mobility ratio equation is 

Emombran. = ^ lo 

Om, 


C. IXmlent-^normaienl case 
The cell under consideration is 

Ag I AgCl CaCl* Membrane KCl AgCl | Ag 

aiCi Ca-^(Ca++ + K+)K^ ajC* 

The total potential is given by: 

Sum = ^ ^ In 3a, C, - 2 In a^C^} (3a) 
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RT 

Hie potoitial to be subtracted from this is which, in view of the wide 

t 001 

divergence in activity coefficients between salts of monovalent and divalent oat> 

RT 2ck C 

ions, cannot with accuracy be identified with -=- In — However, since the 

relevant data are all known, particular cases can always be worked out. 

The corresponding mobility ratio equation is also cumbersome. 


^membrane — 


RT 


// , Ucu , 
—Ok t Oo» 


// , -i7c» 

—Ok + 2jt- OCa 

t/K 


In 


n 

<^K 

2aL 


Uk 

Uc, 


(3c) 


To determine Uk/ Uc» it is necessary to set up an experiment such that og is 
small compared with f/oa/f/K’Oca- The simplified equation resulting can then 
be solved for Uk/Uc% (2). 


D. Cases of mixtures of salts 

The thermochemical treatment does not lend itself to cases where a mixture 
of salts is present on one side of the membrane. The reason is that the pro* 
portions of the cations upon the membrane are not the same as in solution, and 
a separate series of adsorption isotherms would have to be obtained in order to 
find an empirical relationship between the two. The mobility ratio method here 
has the advantage that after this has been determined for a given pair of cations, 
results with mixtures can, in a number of cases, be interpreted (3). 


CAI/njIiATIONS FBOM EXPERIMENTAL DATA ON CLAT MEMBRANES 

In studying the properties of clay membranes for analytical use, extenrive data 
on mobility ratios have already been obtained. It has been shown that, for cat- 
ions of the same valency, reasonable constancy can be secured over a range of 
salt concentrations. Where the cations have different valencies, there is a strong 
tendency for the mobility ratio to vary with concentration (4). Certain mem- 
branes show this much more than others. 

The influence of variation in mobility ratio upon the difference in differential 
heats of adsorption can best be appreciated by calculating particular cases under 
equation Id for monovalent-monovalent cations. We can rewrite it 

A. MonovalerU-mwmovalent series 

Table 1 gives potairaium-sodium and hydrogen-potassium mobility ratio data 
for membranes prepared from hydrogen bentonite (montmorillcmite from Wy- 
mning). This stock of clay gave membranes showing different properties for 
high temperatures of pretreatment from those examined earlier. Instead of ac- 
quiring a hig^ remstance and high selectivity towards monovalent cations around 
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490°C,, the present series had a much lower resistance, and even after pretreat- 
ment at 550°C. the membranes were sensitive to divalent cations. The cause 
of this divergence in behavior is being investigated. The table illustrates the 
fact that the mobility ratios are relatively insensitive to change in concentration 
of the twrt solutions. There is sufficient difference between the 350°C. and 550®C. 

TABLE 1 


Mobility ratios and differences in differential heats of adsorption for potassium- 
sodium and potassium-hydrogen, using various clay membranes 


1 

1 

OB8KBVEK 

! 

1 CLAY 

TEMFESA- 

TUBE or 

PKETBEAT- 

KENT 

ACTIVITIES or 1 
CATIONS USED | 

1 

MOBILITY t 
EATIO 1 

DIFFEXEMCE IN 
DirrERENTI AL 
HEATS or 
AOSOXPnON 
~ “^Ka 



K+ j 

1 

Na* 



•c. 




calories 

E. 0. McLean 

Hydrogen bentonite . . 


0.081 

0.081 

2.30 1 

496 




0.027 

0.027 

2.20 { 

491 




0.009 

0.009 

2.18 

461 




0.003 

0.003 

2.00 

410 




0.001 

0.001 

1.58 

271 



450 

0.081 

0.081 

3.58 

755 




0.027 

0.027 1 

4.07 

831 

i 



0.009 

0.009 

3.89 

804 




0.003 

0.003 

3.77 

786 




0.001 

0.001 

3.52 

743 



550 

0.081 

0.081 

4.14 

841 


i 


0.027 

0.027 

4.71 

917 




0.009 

0.009 

5.14 

969 




0.003 

0.003 

5.43 

1002 

C. A. Krinbill 

Hydrogen Putnam 

600 

0.027 

0.026 

2.68 





0.009 

0.009 

i 2.53 






K+ 

1 

. 


E. 0. McLean 

Hydrogen bentonite .... 

350 

0.00021 

0.003 

3.40 

724 




0.00021 

0.001 

2.84 

618 



450 

0.00021 

0.003 1 

j 2.69 

585 




0.00021 

0.001 

1 2.62 

570 



550 

0.00018 

0.003 

1 2.85 

620 

! 



0.00018 

0.001 

1 2.94 

638 




0.00018 

0.00033 

1 2.58 

561 


membranes to make it entirely feasible to estimate sodium and potassium in a 
mixture if other cations were absent. The most favorable concentration range 
for this is 0.03-0.003. 

The hydrogen-potassium mobility ratios vary less with temperature of pre- 
treatment than the potsussium-sodium values. 

The differences in differential heats of adsorption for potassium and sodium 
are seen to be very significant thermochemical quantities. One may compare 
them with the difference in differential heats of solution, which for potassium 
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and sodium chlorides amounts to 2790 cal. This quantity includes differences 
due to the two solids as well as differences in the heats of dilution. 

B. LHvalent-dimlent series 

Calcium-magnesium mobility ratios and the corresponding differences in differ- 
ential heats of adsorption have been determined for a considerable range of pre- 

TABLE 2 


Mobility ratios and differences in differential heals of adsorption 
for calcxum-magnesium using various clay membranes 


OBSEIVIX CLAY 

TEIIFKSA- 
TCXS OF 
FBEnSAT- 

activities 




IIENT 

Ca*^ 





•c. 




cahrus 

L. 0. Eime Hydrogen bentonite 

.300 

0.0081 

0.0081 

1.37 

188 



0.0027 

0.0027 

1.26 

139 


360 

0.0081 

0.0081 

1.52 

248 



0.0027 

0.0027 

1.36 

182 


400 

0.0081 

0.0081 

1.55 

261 



0.0027 

0.0027 

1.59 

275 

Calcium bentonite 

405 

0.0081 

0.0081 

1.41 

206 



0.0027 

0.0027 

1.22 

119 


455 

0.0081 

0.0081 

1.44 

215 



0.0027 

0.0027 

1.29 

153 


500 

0.0081 

0.0081 

1.45 

220 



0.0027 

0.0027 

1.33 

170 

Hydrogen Putnam 

415 

0.0081 

0.0081 

1.17 

92 



0.0027 

0.0027 

1.27 

142 


510 

0.0081 

0.0081 

1.45 

222 



0.0027 

0.0027 

1.42 

209 


595 

0.0081 

0.0081 

1.42 

208 



0.0027 

0.0027 

1.51 

245 

Calcium Putnam 

405 

0.0081 

0.0081 

1.21 

116 



0.0027 

0.0027 

1.18 

98 


500 

0.0081 

0.0081 

1.46 

224 



0.0027 

0.0027 

1.41 

204 


550 

0.0081 

0.0081 

1.55 

261 



0.0027 

0.0027 

1.40 

202 


treatments (table 2). The values fall a little with concentration when both 
electrolytes are similar, but when the magnesium chloride solution decreases in 
concentration relative to the calcium chloride, distinct decreases in mobility 
ratio are observed. The values are seen to be lower than those for potassium- 
sodium. As in this latter case, the differences between calcium and magnesium 
become greater as the temperature of pretreatment of the membranes rises. 
However, the extremes found for UoJUms are “ot sufficiently far apart to pro- 
vide an accurate means of determining both magnesium and calcium in a mixture. 
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C. Divalmt-monovalerd series 


In the papers dealing individually with the determination of calcium and 
magnesium, it has been shown that great variation of the mobility ratio with 
salt concentration is usually found, where divalent ions are used on one side of 
the membrane and monovalent on the other. This is not adequately accounted 
for by the somewhat unfavorable conditions imposed in utilizing a simplified 
equation. Reference to equation 3a shows that such variation may be expected. 
The activity term may be written: 


f3 

F \2 


In 3 ~(“ In 




Thus a fixed ratio aiCi/aiC^ will no longer be sufficient to define £^totai when 
(-ffca /2 — Hk) is constant. The calculated value of (ffca /2 ~ will include this 
variability with concentration, whereas the mobility ratio equation in the sim- 
plified form derived from equation 3c contains only the simple ratio aj^Oc'a- 
Thus the mobility ratio itself will be variable with respect to concentration even 
when (/fca /2 — is constant and vice versa. Under these circumstances a few 
comments may well replace a detailed tabulation of the values obtained for 
calcium-potassium, calcium-hydrogen, magnesium-potassium, and magnesium- 
hydrogen. 

The thermochemical quantities, (/fca /2 — Hk) etc., are found to be much larger 
than in the monovalent-monovalent and divalent-divalent cases. This is due 
largely to the unbalanced osmotic term discussed above. This in itself throws 
doubt on the validity of strict thermochemical comparisons between the divalent- 
monovalent cases and those in which both cations have the same va- 
lency. Furthermore, the variation with concentration represents the thermo- 
chemical aspect of the now well-established fact that for systems of differing 
relevant valencies, base-exchange equilibria vary with the dilution of the whole 
system. The relationship of these thermochemical quantities to the equations 
proposed for exchange equilibria now needs both theoretical and experimental 
clarification. 
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I. INTRODUCTION 

Certain problems involving the physical structure and the activity of porous 
solid catalysts require a knowledge not only of the total surface area, but also 
of the way in which this total area is distributed in capillaries of various sizes — 
that is, the pore size-surface area distiibuticm. 

The simple capillary condensation theory, which postulates that all adsorp- 
tion in excess of that required for formation of the first monolayer is due to capil- 
lary condensation, has provided the basis for a number of efforts to find a 
solution to the problem by means of the direct application of the Kelvin (16) 
equation. By this equation the pressure axis of the conventional adsorption 
isotherm can be expressed in terms of the equivalent pore radius and a graphical 
or analytical differentiation of the isotherm gives a volume-pore size distribution 
directly. With the assumption of some definite pore geometry by which pore 
volume can be expressed in terms of surface area, a surface area-pore size dis- 
tribution can be easily obtained. 

E. N. Harvey (11) and also Kistler, Fisher, and Freeman (12) as recently as 
1643 suggested interesting methods for estimating total surface area and in- 
directly a surface area distribution based on the Kelvin equation and the assump- 
tion that capillary condensation accounts for all sorption in excess of a monolayer. 
But the more recent work of Harkins and Jura (8) on the nature and the equa- 
tions of state of adsorbed films on solid surfaces clearly demonstrates the exist- 
ence of polymolecular films, and that in the majority of cases, true capillary con- 
densation superimposed on a polylayered film does not begin until fairly hi^ 
relative pressures are reached. Since any application of the Kelvin equation 
presupposes the existence of the adsorbate in the condensed liquid state, it is 
doubtful that any pore size distribution based on an analysis of the adsorption 
branch of the isotherm can be accepted. 

It seems probable, however, that the desorption branch of the hysteresis loop 
which is characteristic of many adsorbents does represent (at least in part) 
evaporation of condensed liquid, and that the shape of the desorption branch 
does indeed depend on the pore size distribution of the adsorbent. 

Harkins and Jura (9) have recently reviewed the uncertainties which accom- 
pany the application of the Kelvin equation to the determination of a pore size 
distribution. These may be restated briefly: (i) The use of the equation in any 
of its forms requires the assumption of a geometry for the pore which is neces- 
sarily idealized. (SB) The values of the surface tension and the molal volume of 
the liquid condensed in very small pores are not necessarily the same as for the 
bulk ^uid. (S) 'Die thickness of the adsorbed film is not known. Harkins and 
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Jura (8) have shown, for instance, that in the case of water adsorbed on anatase, 
the attractive field of the solid may extend as far as five or six molecular diam- 
eters away from the solid surface. The gas held within the field of the solid is 
not liquid in the ordinary sense. The density is greater, the molal volume is 
less, and the surface tension of the film is greater than would be observed for the 
bulk liquid. However, there is no doubt that these values approach those of thv 
bulk liquid as the film thickens. 

As a result of the work described in this report, it has been found possible, 
subject to the acceptance of certain assumptions and approximations, to deter- 
mine a surface area-pore size distribution by a method which largely evades the 
questions raised by Harkins and Jura. While the method cannot yet be said to 
be generally applicable, in the case of the adsorbents studied it appears to have a 
definite advantage over any of the methods which the author has seen reported 
in the literature. 

A number of explanations have been advanced to account for hysteresis. 
Perhaps the most important of these are: (a) the incomplete wetting theory 
(17), (6) non-rigidity of the adsorbent, with consecpient swelling and shrinkage, 
(c) the bottleneck theory (13), and (d) Cohan’s theory of delayed meniscus for- 
mation (3, 4). In the case of the adsorbents studied, neither of the first two 
theories can apply, and it will be showm that neither the third nor the fourth 
theory is adequate to explain the type and the amount of hysteresis observed. 
As a second development from the current work, an alternate explanation can be 
offered which appears to comply more nearly with the experimental data in the 
specific case and which may be found to be generally valid. 

II. EXPERIMENTAL 

A, Materials 

The adsorbent which was made the subject of this study was an acid-processed 
natural-clay cracking catalyst manufactured by the Filtrol Corporation in their 
research laboratories. Processing of certain bentonitic clays with acid results 
in the removal of aluminum and magnesium ions from the crystal lattice, in the 
development of a very porous structure with a large surface area, and in a de- 
crease in the size of the individual montmorillonite crystallites. After thorough 
washing, there remains substantially a hydrogen base-exchanged clay, together 
with a certain amount of silica which is soluble in sodium carbonate solution 
and which is termed (for want of a better name) hydrated silica. 

Preparation for use as a cracking catalyst consists of calcination at elevated 
temperatures for several hours. As a result of this treatment, the material is 
dehydrated and a portion of the lattice water is expelled; this results in an irre- 
versible change in the montmorillonite crystal layers and loss of the ability to 
swell which is characteristic of the uncalcined clay. Thus, there is formed a 
rigid non-swelling adsorbent with a highly porous but stable structure. 

B. Methods 

A conventional adsorption apparatus similar to that described by Emmett 
(6) was used. The experimental procedure for obtaining the complete adsorp- 
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tion-desorption isotherm has become standardized and has been adequately 
described by Emmett as well as by Reis, Van Nordstrand, and Teter (14) and 
many others. 


C. Remits 

Figure 1 is a nitrogen adsorption isotherm which is typical of Filtrol catalysts. 
The adsorption branch corresponds to Type II according to the Brunauer, 
Emmett, Teller (B.E.T.) classification, and hysteresis is pronounced. 

The total surface area of this sample calculated by the B.E.T. method (1) 
was found to be 339 m.Vg-, and 325 m.Vg. by the Harkins-Jura (9) method. 
The B.E.T. surface area will be used for the computations which follow. It 
was found that the total surface area was substantially the same whether the 
catalyst was pelleted or powdered; also, a 0-40 micron fraction had the same 
surface area as a 40-100 micron fraction. This indicates that the fraction of the 
total surface area contributed by the gross particle surface is negligible compared 
to the internal capillary surface area, and is in agreement with results reported by 
Reis, Van Nordstrand, and Teter (14) for their H-G catalyst. 

The experimental data represented by figure 1 will be used to demonstrate a 
proposed method for calculating the pore size-surface area distribution. 

III. THE PORE SIZE-SURFACE AREA DISTRIBUTION 

A. Assumptions 

The following six assumptions are made: 

(o) The desorption branch of the isotherm represents the equihbrium state of 
lowest free energy. 

(i>) The shape of the desorption isotherm is determined by the pore size distribu- 
tion. 

(c) The entire pore structure is composed of cylindrical open-end capillaries. 

(d) At saturation, the liquid condensed in the capillaries can be divided into 
two distinct zones: 

(1) The portion of the adsorbate next to the solid wall which is within the 
attractive field of the solid. The molecules of adsorbate in this zone are 
attracted toward the solid surface by forces greater than the intermolecu- 
lar attractive forces of the bulk liquid. This zone will be defined as a 
“fixed film,” and may extend several molecular layers away from the 
solid surface. 

(S) The portion of the adsorbate which possesses the properties of the bulk 
liquid, that is, which is uninfluenced by the attractive forces of the solid. 
This zone is defined as an “inner capillary volume,” abbreviated to 
ICV. 

During desorption, as the equilibrium pressure is reduced, only the 
ICV is desorbed or evaporated, leaving the adsorbed film next to the 
solid wall substantially undisturbed. The ICV leaves the capillaries 
according to the Kelvin equation, and at any equilibrium pressure the 



PHYSICAL STBUCTXTBB OP CSACElNa CATALYST 


1299 



Fio. 1. Adsorption of nitrogen at 78.1°K. on activated clay catalyst sample A. Open 
drcles indicate adsorption; solid circles, desorption. 

pore radius calculated from the Kelvin equation is the radius of the ICV 
only and not the entire radius of the bare-walled pore. 

The point where the desorption branch meets the adsoiption branch 
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of the isotherm, i.e., 'where hysteresis starts, is also the pomt where the 
ICV has completely emptied. Continued desorption below this point 
represents evaporation from the fixed film. Substantially all of the 
volume desorbed above the hysteresis point is therefore ICV, subject to 
certain correctimis which 'will be mme completely discussed later in re- 
lating this concept to Tninimu m pore sise. 

As the pressure in equilibrium 'with filled pores whose ICV radius is 
fK, is reduced to a pressure in equilibrium with smaller pores whose ICV 
ra^us is Tk,, an amotmt of liquid (Vot — Vai) is released which is 
equal to AlCV . The Kel'vin equation can be used to relate the pressures 
to corresponding ICV radii by the expressions: 

In P,/Po = - 2aV/rj,fiT 
and 

In Pi/Po = - 2iTVIrT^fiT (1) 

where a is the surface tension of liquid nitrogen at the isothermal tem- 
perature, V is the molal volume, Pj and P\ are equilibrium pressures, 
Po is the condensation pressure, and tk, and tk, refer to the radii of the 
internal capillary volumes. 

Thus for a category of capillaries whose ICV radii lie between r*, 
nnd Tk,, a AlCV can be taken from the desorption branch of the iso- 
therm. 

(c) The radius of the bare-walled pore, r*, is greater than the radius of the ICV 
by an amount equal to the thickness of the “fixed film” immediately before 
capillary condensation starts. The thickness of this film is Nd, where N 
is the number of molecular layers in the film and d is the diameter of a 
single molecule or the thickness of a monolayer. 

»’c “ Tk + Nd (2) 

(f) There are few, if any, pores present whose radius is less than Nd. The en- 
tire surface area as measured by the B.E.T, method is distributed in pores 
equal to or greater than 2Nd in diameter. The closing of the hysteresis loop 
determines the radius of the smallest pore present. 

The first two assumptions require no further discussion. The evidence lead- 
ing to the adoption of the remaining four 'will be developed in the course of the 
discussion of the distribution curve which follows. 

B. Equations 

An element of surface area can be assigned to each AlCV (assumption c) in 
i^e following way: 

For cylindrical capillaries with open ends, the surface area, S,, of a bare-waUed 
capillary is given by 

Sc — 2rrJL 

where Tt is the radius of the capillary and I its length. 


( 3 ) 
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The geometrical volume of the ICV of the same capillary is given by: 

ICV = 7r(rK)*Z (4) 

Tk is the radius of the ICV which is determined by the Kelvin equation relating 
Tk to the pressure at which the ICV is released. Combining equations 3 and 4, 

S, - 2ICVr./(rK)* = 2ICV(rK + Ndyir^f (5) 

In order to use this relation, must be taken as the average radius of a cate- 
gory of pores, the limiting size of which is defined by Pi and Pi, whereupon 
ICV becomes AlCV or the volume released as the equilibrium pressure is de- 
creased from Pi to Pi, then 


Tk, + Tk, ^^1 


rr- OAJCV L . - -1 

(6) 

juUkl vy r y . 

frKi + rK.\ 

V 2 / 


Total B.E.T. area = SAS 

(7) 


AS is understood to mean the surface area to be found in all pores whose 
radii are larger than re, and smaller than r,,. It will also be noted that equation 
6 implies an approximation in that the arithmetical rather than the geometrical 
average of the pore radii is used. For convenience in computation a furiJier 
approximation allows the larger radius of each category of pores to be taken 
rather than the average radius. However, as will be seen, the region of the i^ 
therm where AS is large corresponds ordinarily to an value of about 15 A. 
In this region the categories of radii arc selected at intervals of 1 A., and it can 
be shown that the choice between the geometrical average, the arithmetical 
average, or the larger radius has but little effect on the value of AS. At larger 
values of r, where wider radii intervals are chosen, the values of AS fall so low 
that a larger error introduced by the approximation has negligible effect on the 
value of ZAiS. 

Finally, 

Total area = IAS = S2AlCV(rK -f A^d)/(rK)* (8) 

S = S2AICV/rK + ArdS2AlCV/(rK)’ (9) 

where is defined by the higher of the pressures limiting each AlCV. 

All the terms of equation 9 except Nd can be evaluated if the assumptions out- 
lined above are accepted. 

C. Application of the equations to a specific example 

The calculation of the surface area-pore size distribution divides itself into two 
parts: (a) an estimation of Nd, the thickness of the fixed layer, and (b) with the 
use of this value, a final calculation in terms of r,, the radius of the bare-walled 
capillary. The computation of Nd is summarized in table 1. 

Accusing to the B.E.T. convention, the projected area of the nitrogen mole- 
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cule (close packed in the liquid state at — 198.2°C.) is 16.2 d, the thickness 
of the monolayer, should be approximately \/i6^2 or 4.02 A. 

Substitution of the appropriate constants for nitrogen at — 198.2°C. into the 
Kelvin equation gives 


In P/Pa = 4.1/rK 

From the experimental data represented by figure 1 (but plotted on 

TABLE 1 


Computation of Nd 

Catalyst A, calcined at 454 ®C.; ZAS ■« 22AlCV/rK 4* NdZ2AlCV/(rK)* 


(1) 

(2) 

Va 

(3) 

AlCV 

(4) 

2AICV 

(5) 

''k 

(6) 

(7) 

2AICV 1 

' 

(8) 

2AICV 

' 

0.350 

0.385 

CC.S.T.P. 1 

110.3 

114.4 

cc. S.TJP. 

\ 

4.1 

cc. X 10-« 

i 

1.27 I 

cm, X 10-» 

9.00 

9.89 

cm* X 10-»* 

0.81 

0.98 

i 

1.30 

12.81 

0.42 

120.1 

5.7 

1.76 1 

10.88 

1.18 

1.49 

16.19 

0.46 

127.0 

6.9 

2.13 

12.16 

1.48 

1.44 

17.53 

0.48 

133.2 

6.2 

1.92 

12.86 

1.65 

1.16 

14.90 

0.51 

167.0 

33.8 

10.44 

14.02 

1.97 

5.31 

74.49 

0.56 

173.6 

6.3 

1.95 

16.28 

2.65 

0.74 

11.96 

0.59 

176.5 

3.2 

0.99 

17.89 

3.20 

0.31 ! 

5.53 

0.‘62 

179.3 

2.8 

0.87 

19.75 

3.90 

0.22 

4.38 

0.65 

181.9 

2,6 

0.80 

20.80 

4.33 

0.19 

3.86 

0.68 

184.2 

2.3 

0.71 

24.48 

5.99 

0.12 

2.90 

0.71 

186.2 

2.0 

0.62 

27.56 

7.60 

0.08 

2.24 

0.745 

188,8 

2.6 

0.80 

32.07 

10.28 

0.08 

2.50 

0.77 

190.5 

1.7 

0.53 

36.12 

13.05 

0.04 

1 1.45 

0.81 

193.5 

3.0 

0.93 

44.80 

20.07 

0.05 

2.07 

0.85 

196.2 

2.7 

0.83 

58.09 

33.74 

0.03 

1.44 

0.90 

199.7 

3.5 

1.08 

89.60 

80.28 

0.01 

1.21 

0.95 

205.3 

5.6 

1.73 

184.02 

338.60 

0.005 

0.94 







12.56 

176.4 


Total (B.E.T.) area » ZAS ■* 339 m.*/g* 
Nd - 12.95 A. 

d >" 4.02 A. ; iV «■ 3.22 layers. 


an expanded scale), hysteresis begins, as closely as one may estimate, at 
P/Po — 0.350, and the volume of gas adsorbed at this point is 110.3 cc. (S.T.P.). 

In column 1 of table 1, values of P/Po, starting with 0.350, are selected which, 
when converted by the Kelvin equation to corresponding values of the radii 
of “inner capillary volumes,” provide increments which are sensitive to, and 
sufficiently reflect, changes in slope of the desorption branch of the isotherm. 

In column 2 are listed the values of F* (cc. at S.T.P.) taken from the desorp- 
tion branch at points corresponding to the selected values of P/Po. Column 
3 lists the change in the volume of gas adsorbed between each set of radius 
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limits, and, according to the assumption that only ICV is released, leaving the 
‘‘fixed film’^ virtually intact, these differences are equivalent to the AICV de- 
fined above. In column 4 the values of AICV are converted from gaseous vol- 
ume (cc. at S.T.P.) to the corresponding liquid volume^ of nitrogen at — 198.2®C. 
Columns 5 and 6 list the values of and (rx)* which are calculated from the 
P/Po values by the Kelvin equation. 

TABLE 2 

Surface area distribution 

Catalyst A, calcined at 454 ®C.; SA5 « 22AlCV(rK + Vd)/(riv)* 


(1) 

(2) 

(3) 

(4) 

1 

(6) 1 

I (7) 

(8) 

fo 

‘'k 

P/Po 

Va 

1 

j AICV 

2AICV 


AS 

cm. X 10-* 

cm. X icr* 


cc.S.TJ*. 

j cc S.T.P. 

u. X lO-a 

cm. X 10“»* 

m*lg. 

21.95 

9.0 

0.350 

110.3 


1 



23.0 

10.05 

0.39 

115.3 

5.0 

1.54 

1.01 

35.2 

24.0 

11.05 

0.43 

120.8 1 

5.5 

1.70 

1.22 

33.4 

25.0 

12.05 

0.46 i 

126.0 

5.2 

j 1.61 

1.45 

27.7 

26.0 

13.05 

0.49 ! 

135.0 i 

9.0 

2.78 

1.70 1 

42.5 

27.0 

14.05 

0.51 . 

166.5 

30.5 

9.43 

1 1.97 

128.9 

28.0 

15.05 . 

0.53 ! 

170.2 

3.7 , 

1.14 

2.27 

14.1 

29.0 

16.05 . 

0.56 i 

172.8 

! 2.6 1 

0.80 i 

2.58 

9.0 

30.0 

17.05 ' 

0.58 ; 

174.8 

2.0 1 

0.62 i 

2.91 

6.4 

32.0 

19.05 1 

0.61 1 

178.2 

1 34 i 

1.05 * 

3.63 

9.3 

34.0 

21.05 

0.64 ! 

180.9 

2.7 

0.83 

; 4.43 

6.4 

36.0 

23.05 i 

0.66 1 

182.8 : 

1.9 ‘ 

0 59 

5.31 

i 4.0 

40.0 

27.05 i 

0.71 1 

186.0 

1 3.2 i 

0.99 

7.32 

5.4 

50.0 

37.05 ! 

0.73 i 

190.9 ; 

; 4.9 

1.51 

13.73 

1 5.5 

60.0 

47.05 1 

0.82 : 

193.9 ' 

3.0 

0.93 ’ 

i 22.14 

1 2.5 

80.0 

67.05 j 

0 87 ' 

197.5 

3.6 i 

1.11 

44.96 

2.0 

100.0 

87.05 i 

0.91 ! 

200.5 1 

3.0 

0.93 

75.78 1 

1 ^-2 

150.0 

137.05 

0.93 j 

202.7 

1.8 j 

i 0.56 i 

187.83 

0,4 

200.0 

187.05 1 

0.95 ! 

1 

205.0 

2.3 I 

0.71 

349.88 

0.4 

SAS. . . . 







334.3 

B.E.T. ( 

irea 






339 m.Vg« 


Columns 7 and 8 give the respective values of 2AICV/ (rn)^ and of 2AlCV/(rK) ; 
the summation of columns 7 and 8 is then used to calculate the value of Nd from 
equation 9. 

Nd is found to be 12.95 A., and since d == 4.02, the thickness of the film at the 
instant before condensation occurs is 3.22 molecular layers. 

The final calculation of the pore size-area distribution is shown in table 2. 

In column 1 are listed selected values of r®, the radius of a bare-walled capillary. 
In the critical regions of the isotherm, radii are selected at intervals of only 1 A.; 
as the pore size increases, however, the area contributed becomes very small so 

^Liquid volume « cc. (S.T.P.) X M/V X p cc. (S.T.P.) X 1.545 X 10^*, where M 
m molecular weight of nitrogen, p density of liquid nitrogen at 78,VK-, and V •• molar 
volume of perfect gas (S.T.P.) « 22,400 cc. 
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tiiat the radius limits of succeeding categories oS pores are widened roos^ 
logarithmically. 

' In column 2 are listed the corresponding values of r^.- But since the critical 
point must correspond to P/Pa » 0.35, tire first Tk must be set at 9.0 k., and 
fc Tk + Nd = 21.95 A..; thereafter, integral values of r, are chosen and the 
corresponding values of computed. 



Fig. 2. Surface area-pore eizc distribution for catalyst A (calcined at 464*C.) 

Column 3 gives the calculated values of P/Po corresponding to each value of 
fa- Column 4 shows the volume of gas adsorbed at each P/Po point in column 
3. Columns 5, 6, and 7 have the same significance as in table 1. Column 8 
gives the final value of AS for each category of pores. 

Finally, the total B.E.T. surface area should equal SAS as a check on the 
computation. 

D. The pore size-surface area disiirihution curve 

The values of AS for each category of radii are plotted in figure 2. Hie data 
aie plotted as a bar graph; the height of each bar represents Uie area to be found 
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in all the capillaries whose radii lie within the limits of the bar. Thus, 128.9 
m.Vg* is to be found in pores larger than 26 A. but smaller than 27 A. in radius. 
In order to facilitate comparison with other data it is more convenient to draw 
a smoothed curve using the average radius of each pore group. An analysis of 
the curve and of the data from table 2 shows that (a) about 87 per cent of the 
total surface area is located in capillaries which range from 22 to 30 A. in radius; 
(6) about 38 per cent of the total is located in pores between 26 and 27 A. radius; 

(c) only 13 per cent of the surface is located in pores larger than 30 A. radius; 

(d) there are few, if any, pores with radii less than 22 A. 

It will be noted that the analysis of the isotherm is discontinued at P/Pq * 
0.95, where the equivalent n is 200 A. Although there certainly are larger 
pores present which contribute materially to the volume space available for con- 
densation at saturation pressure, the surface area contributed by such pores is 
negligible. The pores in the 100-200 A. radius range contribute only 0.8 m.^/g., 
about 0.3 per cent of the total. 

The assumption that only ICV is released, leaving the “fixed film” completely 
intact, is not entirely correct. The gas desorbed from a region corresponding 
to one category of pores will include not only the ICV of that category, but also 
some small portion of the fixed film which has been exposed by previous ICV 
escape from larger capillaries. Since the exposed film must be in vapor-pressure 
equilibrium with the rest of the system, its thickness must gradually decrease as 
the pressure is lowered. Whatever portion of the fixed film still underlies con- 
densed liquid still retains its maximum thickness. The pore distribution is seen 
to be such that succeeding fractions of ICV desorbed contain increasing relative 
amounts of fixed film. 

Use of the approximation of constant fixed film thickness in the hysteresis 
pressure range results in an increased height of the first portion of the dis- 
tribution curve and neglect of some surface area in smaller pores than are indi- 
cated by the curve. However, it is found that when the total surface area is 
fairly large (150 m.VgO and the value of N is less than about 3.5, the error 
arising therefrom is reasonably small. This is indirectly evidenced by agree- 
ment between XAS and the total B.E.T. area. But if the total surface area is 
small, and N large, the approximation is no longer valid. In this case unlikely 
or unreasonable values of N are obtained and agreement between 2A<S and the 
B.E.T, area is no longer found. 

IV. DISCUSSION 

A . Catalytic evidence for minimum pore size 

A completely linear correlation between catalytic activity and the total sur- 
face area of a number of synthetic catalysts was recently shown by Conn and 
Connelly (5). A linear dependence has often been observed at the Filtrol Lab- 
oratories for groups of clay catalysts similarly processed but whose surface areas 
extended over an appreciable range as a result of various types of heat treatment 
and other processing variables. Such a linear correlation is possible only if (a) 
the entire surface area is available to the molecules of the charge stock being 
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cracked, or (b) every sample possesses exactly the same fraction of unavailable 
surface area. In view of the certainty that the pore size-surface area distribu- 
tion of different preparations varies significantly, it is diflicult to accept the 
second alternative. 

The work of Greensfelder and Voge (7) on the catalytic cracking of hydro- 
carbons indicates that a Ct residue is the smallest fragment likely to undergo 
any appreciable amount of further degradation. Since the entire surface area 
is apparently “useful,” the minimum pore opening must allow unhindered en- 
trance to at least a C« fragment and must have a radius at least as large as 6 X 1.4 
or about 8.5 A. 


B. Hysteresis and pore structure 

The current theories which have been advanced to account for hysteresis 
depend largely on presumed differences in the mechanism of capillary condensa- 
tion and evaporation due to the shape or type of the pore. L. H. Cohan (3) 
has suggested that hysteresis may be due to a “delay in meniscus formation” 
during adsorption. Using a derivation similar to that of the Kelvin equation, 
Cohan obtains an expression for the vapor pressure of a cylindrical annular 
film 


' . In P,/P* = - aV/{r, - d)RT (11) 

where d is the thickness of an adsorbed monolayer, and the remaining terms have 
the same significance as previously defined. According to this equation, no con- 
densation can occur in a pore of radius r until the pressure P, is reached, where- 
upon the pore will fill completely, since the vapor pressure of any inner annular 
cylinder is less than that of the outermost layer. Once the pore is filled, a spher- 
ical meniscus is formed and desorption must then follow the Kelvin equation. 
At the hysteresis point (F»), Pa = Pa- This can only be true if 

r. = 2d (12) 

But Cohan’s equation is subject to the same objections regarding a and V 
as was raised for the Kelvin equation. If the same type of “fixed film” of width 
Nd is assumed, then the equations become: 

In Pr/Po = - eV/[r - (d + Nd)]RT (13) 

and Pa = Pd when r* = 2d -f Nd. (14) 

Cohan, neglecting Nd, suggests that hysteresis can occur only in capillaries 
at least four molecular diameters wide. Including the Nd term, the pore must 
be six, eight, or more molecular widths in diameter (depending on the value of 
N) before hysteresis could be observed. 

Solution of either paiia of equations shows that the minimum pressure at which 
hysteresis can occur is given by 

In P/Po - - 2aV/2dRT « - 4.1/2d 
Since d for nitrogen is 4.02 A., P/Po -* 0.31. 


(15) 
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Thus, if there were substantially any cylindrical capillaries present with radius 
as small or smaller than 8.04 A., hysteresis should be observed at P/Po = 0.31. 
Experimentally, hysteresis is not observed at a pressure less than P/Po = 0.35. 

Cohan points out that if pores so small are absent, hysteresis could not begin 
until pressures are reached corresponding to the open pores which are present. 
Past the hysteresis point, at any constant volume adsorbed, Pd and Pa are both, 
according to Cohan, in equilibrium with capillaries of the same radius. Having 
once established a pore size distribution from the desorption branch, one should 
be able to calculate an adsorption isotherm using Cohan’s equation. This can 
be done by use of a volume-surface-radius relationship similar to that given 
previously for the desorption branch. It can be shown that the cylindrical 
capillary whose Kelvin radius, Tk, is in desorption equilibrium with some pres- 
sure according to the relation In (Pd/Po) == -‘4.1/rK should also during adsorp- 
tion be in adsorption equilibrium with another larger pressure according to the 
relation In (Pa/Po) = — 4.1/2(rK — d). This calculation has been made from 
the data shown by figure 1 and is plotted in figure 3. 

According to the generally accepted concepts, adsorption in a tapered closed- 
end pore is considered to be completely reversible (2, 4). A critical analysis of 
the bottleneck theory (13) leads to the conviction that any hysteresis arising 
therefrom would be less than that predicted by Cohan’s theory of condensation 
in open-end cylindrical capillaries, since at least the lower portion of the bottle- 
neck must be a closed-end cavity. If Cohan’s concept of “delayed meniscus 
formation” is valid, then the assumption of 100 per cent cylindrical capillaries 
gives the theoretical extreme of hysteresis that should be observed. Condensa- 
tion in any other assumed type or combination of types of pores should result in 
less hysteresis. 

Actually, the Type II adsorption isotherm does not resemble in any way the 
type of curve to be expected if capillary condensation occurred according to 
either the Cohan or the McBain hypothesis. It seems likely that if there were 
any appreciable number of closed-end tapered pores, or any pores whose diam- 
eter was so small that condensation was thermodynamically possible at pressures 
near the closing of the hysteresis loop, their presence would be reflected by some 
evidence of condensation. Instead, it appears that no condensation whatever 
occurs until relatively much higher pressures are reached. 

The preceding, combined with the evidence from catalytic activity, is the basis 
for the assumption that there are very few if any closed-end pores or cul-de-sacs 
and that the minimum pore size is determined by the position of the fork of the 
hysteresis loop (within the limits of uncertainty arising from the approximation 
discussed previously). 

C. Hysteresis and the state of the adsorbate 

Although the conventional theories have been found inadequate to explain the 
type and the amount of hysteresis observed in this case, it is possible to offer 
an alternate explanation which also allows a partial confirmation of the calcu- 
lated surface area distribution. 
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At c(»ustant volume adsorbed, V,, the point A on the adsorptkm branch of 
the h^^teresis loop (see figure 4} represents a state of hi^er free oiergy than 



Fio. 3. Adsorption predicted by Cohan equation assuming capillary condensation in 
100 per cent cylindrical open>end capillaries. 

the point B on the desorption branch of the loop. The difference in the free 
energy of the two states is given by: 



PHYSICAL STRUCTURE OP CRACKING CATALYST 


1309 


AF - - nRT In (Pi/P.) ( 16 ) 

It is suggested that this difference in free energy arises from the difference in the 



Fio. 4. The free energy difference between the adsorption and desorption branches at 
constant voluine adsorbed. 

state of the adsorbate when it is spread out over the entire surface in a multi- 
layered film (state A), and when some portion of the adsorbate is c<mdensed as 
a liquid in the smaller capillaries (state B). Since the two states represent equal 
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adsorbed volumes, condensaticm to the liquid state in the smaller capillaries must 
be at the expense of the thickness of the film. 

At point H the system has returned, after desorption, to exactly the same state 
that existed previous to adsorption past H. At this point, the total amount of 
gas adsorbed {V h) is spread over the entire surface in a film whose surface area 
is substantially equal to that of the solid surface. As adsorption proceeds (by 
increasing the pressure), the film thickens somewhat, but until actual capillary 
condensation starts the film area remains approximately the same. The free 
surface energy of the film-gas interface is given by 

K = -Siv/ (17) 

where Si islV^proximately equal to the total solid surface area and <r/ is the sur- 
face tension of the film. At the instant before capillary condensation starts, 
the molecular properties of the uppermost layer of the film have become nearly 
identical with those of the bulk liquid and «•/ must be very nearly equal to the 
surface tension of the bulk liquid. 

Past this point, as the pressure is increased, capillary condensation starts, 
and as each capillary becomes completely filled, the film area which is very nearly 
equal to the total capillary wall area is replaced by the very much smaller con- 
densed liquid-gas interfacial area. At complete saturation when all the pores 
are full, the area of the liquid-gas interface is equal to only the outer geometrical 
surface area of the catalyst particle, an area which is completely negligible when 
compared to the internal capillary area. 

On desorption, evaporation of the ICV leaves bare a portion of the underlying 
film area, but the liquid-gas interfacial area contributed by those pores which are 
still full of condensed liquid is very small compared to the film area which still 
remains unexposed. The surface tension of the exposed film must still be equal 
to the surface tension of the condensed liquid in such pores as still remain full. 
The free surface energy of a point on the desorption branch is given by: 

Pi = Sifff ( 18 ) 

where Sj is the sum of the exposed film area plus the area contributed by the 
condensed liquid surface. 

When only a very small amount of adsorbate remains as ICV, then only a 
small fraction of the film surface is covered by condensed liquid and replaced 
by substitution of the relatively much smaller liquid surface. As the amount 
of adsorbate retained as ICV (on desorption) becomes larger, i.e., more capil- 
laries filled with liquid, it is clear that proportionately larger fractions of film 
area are blocked off. The AF between adsorption and desorption also increases, 
as is shown by the hysteresis loop. But the width of the hysteresis loop passes 
throu^ a maximum, indicating that at some Va there is a maximum AF be- 
tween the adsorption and desorption states. At still larger values of Va, the 
AF decreases. This may be due to the beginning of capillary condensation in 
tile adsorption branch by which, just as during desorption, the total film surface 
area is reduced by condensation of liquid in the ICV space. 



PHYSICAL STRUCTURE OF CRACKING CATALYST 


1311 


In the case of the sample studied, there is reason to believe that the maximum 
width of the hysteresis loop also very closely marks the point at which capillary 
condensation starts on the adsorption branch. At this point, the free energy 
difference between the adsorption and desorption branches is given by 

^F = <r/[Si - {S, + Sz)] = nRT In PJPd (19) 

where Si is the total fixed-film area and is approximately equal to the B.E.T, 
area, Se is the film area exposed by desorption of ICV to the equivalent volume 
adsorbed on the desorption branch, and Sz is the area of the remaining con- 
densed liquid surface. Se can be taken from the surface area distribution curve, 
and Sz will be very small compared to Si and can be neglected. 

Careful measurement of the hysteresis loop of figure 1 shows a maximum width, 
and therefore a maximum AF when the volume adsorbed equals 166 cm.® (S.T.P.) 
and the corresponding adsorption and desorption pressures {P/Po) are 0.86 and 
0.51, respectively. The total B.E.T. surface area is 339 m.Vg* Reference to 
table 2 shows that when the equilibrium pressure has been reduced to 0.51, 
66.6 m.Vg* of the fixed film has been exposed. Substitution of these values into 
equation 19 gives: 

(Tf = 166/22400 X 8.314 X lO' X 78/(399 - 66.6) In 0.86/0.51 = 8.3 dynes/cm. 

The surface tension of liquid nitrogen at 78®K. is 8.4 dynes/cm. 

The excellent agreement between the calculated and measured values of a 
indicates that this proposed explanation of hysteresis may be valid, and also 
that the surface area distribution is substantially correct. 

D, A possible model of the physical structure 

By rejecting the existence of any appreciable number of closed or dead-end 
pores, it is necessary to visualize a complete continuity of the pore spaces, 
each pore of probably continuously varying width, each interconnected with sev- 
eral others, with larger spaces and with constrictions alternating. 

Each separate granule of the powdered catalj^st might be visualized as con- 
sisting of an immense number of tiny crystallites, all attached to one another 
in some way, but each an individual. These microcrystallites may be of various 
irregular shapes and sizes, but in order to develop a model that can be analyzed 
mathematically, assume an idealized array of microparticles, all spherical, all 
of the same radius, and packed together in some systematic manner. 

From the adsorption isotherm (figure 1) it is found that 0.379 cm.® of liquid 
nitrogen is condensed (as nearly as can be estimated) at complete saturation. 
This is the void volume per gram of catalyst. The true density of the material 
is about 2.6, so the volume occupied by the solid extension of 1 g. is 0.385 cc. 
The total volume of 1 g. of the sample is then 0.764 cc., of which 49.6 per cent 
by volume is void space or pores. 

The theoretical porosity of cubic-packed spheres is 47.6 per cent and is inde- 
pendent of the radius of the sphere. Because of the remarkable agreement in 
the porosity factor, the close-packed cubic array is chosen as a model. 



1312 


T. D. owtcm 


By inspection of the modd (figure 5) it can be seen that the most frequent dis* 
tance d separation d surfaces is along the body diagonals of the cu^. This 
most frequent distance is assumed to correspond to the most frequent distance ci 
separation, as located analytically by the peak of the distribution curve. This 
was previously noted to be twice ^.5 A., or 53 A. 

The length of the body diagonal is given by L = 2r,\/3» where r, is the radius 
of the spheres. The distance between the surface of the spheres on <^posite 
comers of the cube is then (L — 2r,), so that 

2r.(\/3- 1) = 53 A. 
r. = 36.2A. 

Each of the spheres, then, has a diameter of about 72 A. 

Short-angle x-ray diffraction measurements have shown an average particle 
size for some similar Filtrol catalysts ranging from 40 to 80 A. Thus the crystal- 



Fio. 6. Model of cubic close packing, r, » 26.5 A.; r. — 36.2 A.; arcs > 319 m.’/g. 

lite diameter calculated for the model would appear to be of the correct order of 
magnitude. 

The surface area of the model (per gram) can be calculated by the relation 

5 = 3.005/pr. X 10*m.Vg. (20) 

where r, is the radius (in centimeters) of the sphere and p is the density (■■ 2.6). 
Substitution of the values gives 

Sm = 319 m.Vg. 

The B.E.T. surface area of the sample is 339 m.Vg. 

This model has many of the requisite properties. It possesses the continuous 
interlocking pore stracture with no dead-end pores and with the observed void 
volume. With only the use of the “most frequent pore diameter” from the 
surface area distribution curve, the average crystallite size can be calculated to 
the correct order of magnitude and the calculated surface area of the model is 
in ^>od agreement with the true surface area. This is not to say that the phys- 



PHYSICAL STRUCTXTRE OP CRACKING CATALYST 


1313 


ical structure of the natural catalyst particle even approaches that of the highly 
idealized model but only that such a model helps to visualize the kind of crystal- 
lite aggregation which may very likely be typical of the natural material. 

As a consequence of the preceding discussion it seems necessary to change the 
concept of the distribution of surface area in categories of pores of a certain size 
to the idea of a distribution of surface area separated from an opposite wall 
by a certain distance. This change does not modify the analysis by which the 
distribution curve is obtained, since it may still be assumed that the cross-sec- 
tional area of pores, even though irregular, can be treated as if they were statis- 
tically circular (15), and that even though the pores are continually changing 
the ^‘distance of separation to an opposite wall,*^ a differential length along the 
pore can be treated as a cylinder. 

VI. SUMBIARY 

The complete nitrogen adsorption-desorption isotherm for an activated 
natural-clay cracking catalyst was obtained. The adsorption isotherm may be 
classified as Type II and marked hysteresis in the desorption branch is observed. 

A method for determining the pore size-surface area distribution from the 
desorption branch is proposed which, unlike earlier methods, takes into account 
the thickness of the adsorbed film which is attracted to the solid surface by forces 
greater than the interaction forces of the liquid itself. A constant, N, can be 
calculated which appears to be approximately equal to the number of molecular 
layers in the film at the pressure at which capillary condensation starts. N 
is identified with the average number of molecular layers for which the heat 
of adsorption is greater than the heat of liquefaction, and so measures the aver- 
age distance to which the attractive forces of the solid extend away from the 
surface. 

The maximum width of the hysteresis loop corresponds to a maximum differ- 
ence in free energy (at constant volume adsorbed) between the adsorption and 
desorption states. This AF can be assigned to a difference in the area of the 
film-gas interface; on adsorption, the volume of gas adsorbed appears to be dis- 
tributed in a film of (nearly) uniform thickness over the entire surface of the 
solid; on desorption, some fraction of the volume of gas adsorbed exists as a 
liquid condensed in smaller capillaries, thus reducing the total film area. In 
the case of the adsorbents studied, the adsorption point at the maximum width 
of the hysteresis loop also corresponds very nearly to the point at which con- 
densation begins. At this point, the surface area of the film is substantially that 
of the solid surface; at the corresponding point on the desorption branch, the 
film area may be estimated from the pore size-surface area distribution curve. 
From the relations thus established the surface tension of the adsorbed film at 
its maximum thickness can be calculated and is found to agree closely with the 
surface tension of liquid nitrogen at 78.1°K. 

The surface area distribution and the type of pore structure can be inter- 
preted in terms of an ideahzed structure model, and information regarding the 
average particle size can be derived therefrom. 
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THE KINETICS OF THE THERMAL DECOMPOSITION 
OF ter(-BUTYL PROPIONATE^ 
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The gaseous decomposition of teri-butyl acetate (6), previously studied in this 
laboratory, proved to be a simple reaction which, on the basis of all known evi- 
dence, is a unimolecular process. As such a process represents the decompoa- 
tion of isolated molecules similar studies on related molecules, if their decompoa- 
tion proves to be unimolecular, offers an empirical method for the evaluation of 
the effects of substituent groups. It was planned originally to study the effects 
of substituting a chlorine atom for a hydrogen atom and a methyl radical for a 
hydrogen atom in the acetate portion of the molecule. However, the effect <rf 
chlorine substitutiem as exemplified in ferf-butyl monochloroacetate is quite 

* Presented before the Division of Physical and Inorganic Chemistry at the 106th Meet- 
ing of the American Chemical Society, Detroit, Michigan, April 12, 1943. 

This paper is abstracted from the thesis submitted by Earl Warrick to the Faculty of 
the Graduate School of the Carnegie Institute of Technology in partial fulfillment of the 
requirements for the degree of Doctor of Science in Chemistry, March 22, 1943. 
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large, and the particular static method being used for rate measurements did not 
yield satisfactory results. Accordingly the gaseous decomposition of ^er^-butyl 
propionate was investigated, and the kinetics of this reaction will be described* 

PREPARATION OP ESTER 

The sample of ester used in this investigation had been prepared by Mr. Paul 
Cohen, using the method of Norris and Rigby (4). The propionic anhydride was 
obtained from the Eastman Kokak Company and was redistilled. Eastman 
/er^-butyl alcohol was purified by fractional crystallization and distillation. 
After preparation and stripping, the crude ester fraction was distilled through a 
6-ft. vacuum- jacketed column with wire-spiral packing. The purified ester boils 
at 116.4-1 16.5°C. at 738 mm., has a specific gravity, df = 0.8517, and a refrac- 
tive index, nf® == 1.39320. The refractive index of the sample was identical with 
the value reported by Palomaa (5) for the same compound. 

EXPERIMENTAL PROCEDURE 

The apparatus used for the experimental rate measurements was similar to 
that employed by Rudy and Fugassi (6). Monoamylnaphthalene was employed 
in place of mercury as the liquid in the vapor thermostat, and the stopcock pre- 
viously used to seal the reaction cell from the vacuum line was replaced by a 
porous glass disk mercury cut-off (3). The null-point gauge was of the spoon 
type and was equipped with electrical contacts. A description of this gauge will 
be published later. 

The reaction cell, which had a volume of about 60 cc., was located in the pre- 
viously determined constant-temperature zone of the thermostat. A two- 
junction copper-constantan thermocouple was located alongside the cell and was 
used for determining the temperature. The thermocouple was constructed from 
calibrated wire, and its calibration was checked against the boiling points of 
naphthalene, biphenyl, and benzophenone. 

HOMOGENEITY OP THE REACTION 

As with the decomposition of feri-butyl acetate (6) and other fer^-butyl com- 
pounds (7), the decomposition of <er/-butyl propionate is heterogeneous and not 
reproducible in clean glass vessels. However, if the reaction products are al- 
lowed to remain in the flask overnight, the catalytic activity of the surface is de- 
creased. At 300°C . the period of time necessary to deactivate the surface is quite 
long, but at 360°C. complete deactivation is obtained in a few hours. The follow- 
ing cycle of experiments was used to demonstrate that the measurements were 
reproducible. After deactivation of the surface overnight at 360®C. a series of 
experiments were made on successive days at some lower temperature such as 
280®C. and it vras observed that consistent results were obtained, although after 
each experiment the reaction products were allowed to remain in the flask at the 
temperature of the experiment until the next experiment was carried out. 
After the last experiment of the series, the cell containing the reaction products 
was raised to 360®C. and kept at that temperature for a day. The temperature 
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(tf the thennostat was then lowered to 260*^. and additional experiments made. 
The velocity constants obtained after the second treatment at 360‘’C. checked 
those obtained before, and it was concluded on the basis of this reproducibility 
that the reaction in the pres^ce oS treated surfaces was homogeneous. The fact 
that the usual log k vs. 1/T plot is a straiidit line over a temperature range of 
also indicates the homogeneity of the reaction. 

ORDER OF THE REACTION 

Experimentally the final pressure, p», is twice the initial pressure, po. The 
initial pressure is obtained by extrapolating pressure readings back to xero time. 
The ester decomposition is first order, as a plot of log pa/{pm—pt) against time gives 
straight lines out to 90 per cent decomposition. In addition, as listed in table 1, 
the time of half-life is independent of the initial pressure and the ratio of the time 
of three-quarters life to the time of half-life is 2, as required by a first-order 
reaction. 


TABLE 1 

Times of fractional life at tSCC. 



hl\ 

tin 

hH/tifi 

fMM. Hg 

min. 

min. 


18 

52 

108 

2.08 

45 

43 

84 

1.95 

75 

42 

88 

2.10 

90 

40 

81 

2.02 

120 

42 

84 

2.00 


VEUKJITY CONSTANTS AND ENERGY OF ACTIVATION 

Velocity constants were calculated graphically by preparing plots of log 
Po/(p* — P() against time and measuring the slope of the best straight line 
through the experimental points. The values of k are listed in table 2. A plot 
of the logarithms of these constants against the reciprocal of the absolute tem- 
perature gives a straight line whose equation is 

log* (sec.-*) - 12.794 - 

The energy of activation for the decomposition of lerf-butyl propionate is 39,160 
cal. 

ANALYSIS OF PRODUCTS 

The kinetic experiments on the decomposition of fer^butyl propionate showed 
that the final pressure, p«, was twice the initial pressure, po, of the ester. By 
analogy with l^e decomposition of ferf-butyl acetate one would expect isobutyl- 
ene and propionic acid to be formed in equimolecular quantities. To determine 
iriiethfflr these products were present in these amounts, a special reaction cell was 
employed. This ccmristed of a cylindrical cell of about 200-cc. capacity fur- 
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nished with two connections at the top and one at the bottom. One of the top 
connections was sealed through a mercury cut-off to the vacuum line. The 
other top connection was made of capillary tubing sufficiently long so that when 
the end of the tubing was immersed in a beaker of mercury and the cell evacuated, 
a barometric height of liquid mercury was present in the capillary tube. The 
bottom connection went to a mercury reservoir and by use of pressure or vacuum 
gas could be drawn into the reaction cell or expelled. Over the reaction cell a 
small furnace was fitted and the temperature of the cell was controlled manually. 

In operation, with the cell evacuated, ester was admitted to the cell and the 
cell heated for a definite time interval at 315°C. Following the decomposition 

TABLE 2 


Velocity constants 


TEIIPERATUSE 

pu 

* X 10» 

TEMFESATUSE 

po 

ifeX 10» 

•c. 

mm . Hg 

sec."^ 

•c. 

mm . Hg 

sec.”^ 

296 

74.25 

5.933 

270.35 

46.5 

1.113 

295.8 

45.25 

5.182 

269.62 

65.5 

1.051 

294.0 

59.5 

4.088 

260.82 

66.0 

0.5803 

293.7 

58.8 

3.858 

260.4 

31.0 

0.5596 

283.9 

75.5 

2.821 

260.35 

24.0 

0.4836 

282.35 

30.5 

2.114 

260.28 

55.0 

0.5389 - 

281.45 

59.0 

1.996 

260.2 

84.0 

0.5297 

281.45 

76.0 

2.386 

260.05 

Ill.O 

0.4905 

281.2 

76.0 

2.245 

260.0 

17.0 

0.5527 

281.1 

80.0 

i 2.234 

250 5 

90.0 

0.2731 

281.0 

71.0 

2.201 

250.3 

1 18.0 

0.2264 

280.95 

125.0 

2.280 

250.3 

45.0 

0.2557 

280.9 

36.5 

1.911 

250.3 

165.0 

0.2570 

280.7 

71.5 

2.057 

250.1 

120.0 

0.2685 

280.65 

76.0 

1.958 

250.0 

75.0 

0.2464 

280.0 

59.8 ! 

2.245 

240.75 

65.0 

0.1289 

270.9 

23.0 

1.363 

240.2 

78.0 

0.1357 

270.9 

88.0 

1.350 

240.1 

43.0 

0.1444 

270.85 

84,5 

1.232 

240.0 

72.0 

0.1458 

270.45 

73.5 

1.076 

239.9 

i 45.0 

0.1289 


the cell was allowed to cool to room temperature and by suitable manipulation of 
the mercury a sample of boiled distilled water was drawn into the cell. The gas 
sample was next expelled into a eudiometer tube and the volume of gas subse- 
quently measured. The water sample was next expelled and the cell flushed 
several times with distilled water. The washes were added to the original 
sample and titrated with standard base. In one experiment gas was expelled 
into a eudiometer tulie using only mercury as the confining liquid. After the 
volume of gas had been measured, it was transferred to another eudiometer tube, 
using water as the confining liquid. Measurement of the volume of the gas over 
water gave the same number of moles present as when the gas was confined over 
mercury. This indicates that no appreciable portion of the gas was water 
soluble. 
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All samples of gas dissolved completely (better than 99 per cent) in Denig^’ 
resent, causing a yellow turbidity in the reagent. When the yellow Denigte 
reagent was boiled, a heavy orange precipitate was obtained. This specific test 
indicates that the gas was isobutylene. The sodium salt solutions obtained by 
basic titration of the water washes were pooled and concentrated. Prom the 
concentrated solution a derivative of bromophenacyl bromide was prepared. 
The melting point of the derivative was exactly the same as that obtained from 
a preparation made from pure propionic acid and bromophenacyl bromide. 

Some of the analytical results obtained are tabulated in table 3. From these 
results it can be seen that for a 30-min. reaction time the ratio of propionic acid 
to isobutylene is unity. For longer reaction times isobutylene seems to be disap- 
pearing, as the ratio is greater than unity. It is believed that polymerization of 
isobutylene is occurring, and under conditions of our experiments where the 
surface is exposed to liquid water and liquid mercury, it does not seem possible 
to eliminate the polymerization reaction completely. 


TABLE 3 
Analytical results 


nifE or BEATING 

ESTIMATED 

DECOMPOSITION 


ACID 

! GAS 

I 

MOLES ACm 

MOLES GAS 

min. 

per cent 


moles X 

i moles X 10* 


5 

50 


0.56 

1 0.519 

1.078 

30 

100 


1.44 

: 1.413 

1.019 

30 

100 


1.12 

1 .083 

1.033 

30 

100 


1.36 

1.33 

1.017 

45 

100 


1.43 

1.27 

1.12 

45 

1 100 


1.35 

! 1.19 

1.12 

60 

1 100 


1.50 

1.23 

1.21 

120 

100 


1.80 

i 1.40 

1.29 


DISCUSSION 

The analytical and kinetic data indicate that tert-butyl propionate decomposes 
according to the reaction : 

CjHtCOOCCCH,), (CHa)jC==CH2 + CjHjCOOH 

Using the empirical standard free-energy equations of Bruins and Czamecki (1) 
and the data of Essex and Clarke (2) for ethyl acetate, it is estimated that Kj, for 
the above reaction at SIS^K., the lowest temperature used in our experiments, is 
about 3 X 10*. This indicates that the reaction is essentially complete in the 
direction indicated. Interpolation of the data of Trautz and Moeschel (8) for 
the dissociation of propionic acid dimer shows that at 510°K. and 200 mm. pres- 
sure practically all the propionic acid is present as the monomer. 

The mechanism for the decomposition of <erf-butyl acetate has been previously 
discussed (6) and the conclusions drawn there apply also to the decomposition of 
fert-butyl propionate because of the close similarity of the two reactions. 

TTie ^ect of replacing a hydrogen atom by a methyl group in the acetate por- 
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tion of terZ-butyl acetate is small, as would be expected from the known small in- 
ductive effect of the methyl group. The frequency factor is lowered slightly and 
the energy of activation decreases by only about 1300 cal., from 40,600 cal. to 
39,160 cal. 


SUMMARY 

1. The thermal decomposition of ferZ-butyl propionate follows the reaction: 

C2H5C00C(CH3)3 (CH3)2C=CH2 + C 2 H 6 COOH 

2. The kinetics of the decomposition have been studied in the temperature 
range from 239.9° to 296°C. and at pressures from 17 to 125 mm. of mercury. 

3. The reaction is first order. The relationship between velocity constant (fc) 
and absolute temperature (T) is given by the equation: 


log k 


12.794 - 


39,160 


2.303ier 


4. Like the thermal decomposition of tert-hntyl acetate, the decomposition of 
ter^-butyl propionate appears to be a unimolecular process. 
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Aging of Silver Bromide in the Dry State^ 
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From previous work carried out in this laboratory it appeared that freshly 
precipitated silver bromide has a large surface development and is subject to 
thermal aging at room temperature in the air-dried state (2). The degree of 

’ This paper is based on a thesis submitted by Isadore Shapiro to the Graduate Faculty 
of the University of Minnesota in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, August, 1944. 

* Present address: U. S. Naval Ordnance Test Station, Pasadena, California. 
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aging had been followed by measuring the decrease of the specific surface, as 
indicated by the amount of wo<d violet adsorbed on the surface saturated with 
tiie dye, and by determining the speed of penetration of radioactive bromide 
icms into the inactive precipitate when the latter was shaken with a soluticm 
the former. In the present work the degree of aging was followed in an unique 
manner by determining the change in the electrical conductivity of the dry pow- 
der as a function of the “heat-treatment” of the powder. 

It has already been shown that the electrical conductivity of silver bromide 
pellets at low {viz. room) temperatures is essentially a “surface conductivity” 
and can be expressed (5) by 

X = (1) 

where x is the specific electrical conductivity, 17 is an energy term showing the 
magnitude of the potential barrier which an ion must surmount in order to mi- 
grate to another position, T is the absolute temperature, is the ma^itude of 
the active surface, k is the Boltzmann factor, and £ is a constant. Thus, by 
determining at a constant (room) temperature the electrical conductivity of 
silver bromide samples which had been subjected to various heat-treatments, it 
is possible to relate the active surface directly to the electrical conductivity of the 
pellets. 

Since the aging of freshly precipitated silver bromide is very pronounced even 
at room temperature, it is exp)ected that compression of the silver bromide pow- 
der under high pressures will accelerate the rate of aging. Thus the active sur- 
face of the loose powder will be greater than the active surface obtained from the 
electrical conductivity data of the compressed j)ellet. Since it is practically im- 
possible to measiue directly the electrical conductivity of a loose powder, a 
method has been devised to extrapolate this value from conductivity-pressure 
measurements. 

The method for calculating the specific conductivity of compressed p>ellet8 is 
to measure the current flowing through a piellet of a certain size imder the influ- 
ence of a definite potential difference, and to apply the formula 

* “ £ ^ I 

where x is the specific conductivity in S2~*cm.~\ I is the current in amp>eres, E 
is the applied voltage, I is the length of the pjellet (i.e., the distance between the 
electrodes) in centimeters, and A is the cross-sectional area of the p)ellet in square 
centimeters. In the case of the compressed p)ellets the values for I and A ess^- 
tially do not change much with pressure and can be taken as equal to the exp)eri- 
mentally measured dimensions of the pallets without serious error, because the 
apparent densities of the p)ellets are approximately the same as the density of a 
fused mass (6). However, the application of equation 2 for loosely formed p)el- 
lets is complicated by the fact that both I and A are varying with the applied 
pressure. As a first approximation the value of I will be taken as tiie exp>eti- 
mentally measured length, designated by la, of the pellet mxd the value of A 
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will be calculated always by the following relation: 

W 

(3) 

where W is the weight in grains of the silver bromide sample, and pc is the density 
of a fused mass of silver bromide (p, = 6.478 g./cc. (1)). By plotting log x 
(using values of la and .4 a in equation 2) against pressure for a powder mass of 
well-aged or fused silver bromide, one obtains a characteristic curve, represented 
by curve A in figure la. The experimental points at the higher pressures fall 
nearly on a straight line, which can be represented by line B in figure la. It is 
quite probable that the function of log x with pressure in this case is analogous to 
that for compressed pellets (6). The increase in conductivity (curve A, figure la) 
at the lower pressures can be attributed to the better contact between individual 
particles with increasing pressure, while the decrease in conductivity at the higher 
pressures is caused by a decrease in active surface. Actually both phenomena 




Fto. 1. Conductivity and compressibility of a powder mass as function of pressure 

take place simultaneously; however, their relative influence varies with the 
pressure. 

From a previous article (6) it is inferred that plots of the logarithm of the 
apparent density (log pa) against pressure will give a characteristic curve, as illus- 
trated by curve C in figure lb. The curve approaches the logarithm of the true 
density as 3 Tnptotically (line D). From a comparison of figures la and lb it 
seems plausible that the deviation of curve A from line B is caused primarily 
by using the experimentally measured value of i in equation 2 instead of a cor- 
rected value for the length of the pellet. Thus from figure la at some pressure 
Pi the difference between the logarithms of the specific conductivity calculated 
from equation 2 by using* I, and la, respectively, wll be given by ab, where the 
value of ab is 

iS - log X. - log X. - log Q)_ - log (])_ - log (4) 

* In this article the subscript e refers to an effective or corrected value, and the subscript 
o to an apparent or measured value. 



1322 


I. SHAPmO AND I. M. KOLIHOTF 


At the same pressure pi the deviation of the logarithm of the apparent density 
from that of the true density is given by S (figure lb), where 


cd = log p, - log p« = log - 

pa 


( 6 ) 


If the deviation of curv^ A from line B in figure la is attributed to the use of 
the apparent value of (l/A) instead of its effective value (which corrects for the 

porosity of the pellet), then one would expect a plot of log (from equation 


4) against log — (from equation 5) to be linear, with the line passing through 

Pa 

the origin. Such relationships have been found in which the slope of the lines 
is constant for powders of silver bromide of widely different values of electrical 
conductivity and “age.” Hence by this method of extrapolation it has been 
possible to differentiate between “pressure aging” and “thermal aging.” 


EXPERIMENTAL 

The preparation of silver bromide powders aged in different ways and the sub- 
sequent measurement of their electrical conductivities and compressibilities are 
described in previous publications (5, 6) and in greater detail in the thesis of the 
junior author upon which this paper is based. 

The silver bromide was prepared by a precipitation method (carried out in 
photographically inactive red light) and washed successively with copious vol- 
umes of water, acetone, and benzene and then air dried with dry air. Portions 
of the silver bromide powder were “thermally aged” by heating to various 
temperatures for different periods of time. A brief description of the thermal 
treatment of the various samples of silver bromide used in these experiments is 
given in table 3. 

The compressibility and electrical conductivity measurements on the powders 
were carried out in a specially constructed die (5). Weighed portions of the 
fresh and “aged” silver bromide powders were compressed between two silver- 
plated plungers which also served as electrodes, and the electrical resistance of 
the powder mass between the electrodes was measured as a function of the ap- 
plied pressure. The thickness of each pellet as a function of pressure was meas- 
ured with a cathetometer to ±0.02 mm. and then checked with a micrometer 
after the pellet had been removed from the die. All powders were compressed 
to a maximum pressure of 3000 atm. The electrical conductivity was measured 
at a constant temperature of 25‘’C. 


TRANSFERENCE MEASUREMENTS 

Since preliminary experiments had shown that the electrical conductivity of 
fresh silver bromide may be as much as 10‘ times as great as the values reported 
by Lehfeldt (4) on fused silver bromide, the possibility of electronic conductance 
was considered. Several grams of freshly prepared dry silver bromide powder 
were slightly compressed between two silver electrodes and connected in series 
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with a silver coulometer to several dry cells. The silver bromide between the 
electrodes was replaced each hour with freshly prepared powder, because the 
silver bromide ages even at room temperature (2). The replacement of the pow- 
der in this manner had the further purpose of preventing the formation of 
dendritic silver bridges in the silver bromide between the two silver electrodes. 
At the conclusion of such an experiment it was found that the loss in weight of the 
silver anode equalled the increase in weight of the silver in the coulometer; hence 
it is concluded that fresh silver bromide is essentially an ionic conductor similarly 
to fused silver bromide (7). 

Next, experiments were carried out to measure the transference number of 
silver and bromide ions by utilizing the method of weighed pellets. In this 
procedure a series of three pellets and the two electrodes are weighed individually 
before and after a quantity of electricity (as measured by a coulometer) is passed 
through the system. The migration of ions across the middle pellet will be 
reflected in changes in weight of the electrodes and the two outer pellets, depcnd- 

TABLE 1 


Weights of pellets and electrodes in transference number experiment 



WEIGHT 

WEIGHT 

DIPFEBENCE 

1 

BEFOBE 

AFTEB 

IN WEIGHT 

1 

grams 

grams 

mg. 

Silver + silver iodide cathode 

1.42592 

1 .43248 

-h6.56 

Silver bromide pellet No. 1 

2.30195 

2.30195 

±0 

Silver bromide pellet No. 2 I 

2.05457 

2.05456 

! -0.01 

Silver bromide pellet No. 3 i 

1.94550 

' 1.94547 

-0.03 

Silver anode | 

0.32303 

0.31643 

-6.60 

Silver coulometer ^ 

8.55448 : 

; 8.56105 

+6.57 


ing upon the transference number of the cations and anions. In order to measure 
the true changes in weight of the outer pellets, the weight of the middle pellet 
must remain unchanged throughout the experiment. First attempts at this type 
of experiment proved unsuccessful, because it was found impossible to separate 
the pellets once they had been pressed together. Later this difficulty was over- 
come by using high pressures (3000 atm.) to form the pellets but low pressures 
(ca. 10 atm.) to hold them together during the course of the experiment. In 
order to prevent the formation of dendritic silver bridges, a pellet of silver iodide 
in conjunction with a silver plate was used as the cathode. All weighings were 
made on a Kuhlmann microbalance. The weights of the pellets and electrodes 
before and after a transference experiment are given in table 1 . The data indi- 
cate that only silver ions are migrating through the silver bromide pellets. 

That the bromide ions essentially do not migrate through the silver bromide 
pellet can be demonstrated further by radioactivity experiments. Radioactive 
silver bromide was prepared by adding a silver nitrate solution to a sodium bro- 
mide solution which had been shaken previously with ethyl bromide containing 
radioactive bromine. (The ethyl bromide had been exposed to a radon-beryllium 
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bulb for 16 hr.) A pellet of radioactive silver bromide was placed in contact 
with an inactive pellet, and a direct current was passed through the pellets until 
the silver bridges which formed catised a short circuit (approxunate time of 
cwitact of pellets was 8 hr.). The radioactive pellet had been placed at the 
cathode end, so that the electric field would favor a movement of radioactive 
bromide ions into the inactive pellet. The radioactivity was measured with a 
Gmger-MfiUer counter. Experiments were performed in which the pellets were 
prepared under different pressures ; in no case was there any evidence of the radio- 

TABLE 2 


Conductivity correction for effective length of silver bromide pellet 


FUB88UXX, ^ 

NO. 1 FUSED, OOOIED SLOWLY, 

FOWDEtEO 

NO. 10 FOWDEE AGED ONE MONTH IN OOMCBMTEAXEO 
AMMONIUM HYDEOXXOE 

Pa 

XaX10» 

togS! 

X. 

log^ 

Pa 

xXlo* 

togSs 

x« 

to* as 

p. 

OlM* 1 

grams/ce. 

arkmr^ 



grams/cc. 

or^cmr^ 



205 

4.76 

1.76 

0.395 

0.133 

4.24 

2.24 

0.571 

0.183 

304 

5.04 

2.00 

0.327 

0.109 

4.63 

2.68 

0.482 

0.155 

465 

5.47 

2.31 

0.242 

0.073 

4.97 

3.53 

0.345 

0.114 

616 

5.75 

2.56 

0.178 

0.051 

5.27 

4.05 

; 0.266 

0.089 

770 

5.92 

2.76 

0.124 

0.038 

5.51 

4.48 

0.206 

0.069 

925 

6.04 

2.88 

0.086 

0.030 

5.70 

4.90 

0.149 

0.055 

1085 

6.16 

1 2.93 

0.057 

0.021 

5.88 

5.21 j 

0.103 

0.041 

1245 

6.24 

2.93 

0.035 

0.016 

5.98 

5.40 ' 

0.069 

0.034 

1400 

6.26 

2.88 

0.021 

0.014 

6.07 

5.48 

0.046 

0.027 

1555 

6.32 

2.83 

« 

* 

6.13 

5.55 

a 

lb 

1715 

6.35 

2.71 



6.22 1 

5.45 



1870 

6.36 

2.62 



6.26 1 

5.30 



2045 

6.37 

2.49 



6.26 i 

5.13 


i 

2216 

6.37 

2.36 



6.28 1 

4.96 



2380 

6.38 

2.25 



6.32 

4.70 



2550 

6.39 

2.13 



6.33 1 

4.52 



2710 

6.40 

2.02 



6.34 I 

4.33 



2873 

6.41 

1.94 



6.35 1 

4.13 




* Values no longer significant at higher pressures. 


active bromide ions migrating into the inactive pellet. It is pointed out here 
that the above evidence of the immobility of bromide ions does not exclude the 
possibility that bromide ions in freshly prepared silver bromide can move on the 
surface from one position to a neighboring position in an irreversible manner. 

CORRECTION FOR EFFECTIVE DIMENSIONS OF PELLETS 

Plots of the logarithm of the specific conductivity (log x«) against pressure for 
fused and well-aged samples of silver bromide powders as the powders are com- 
pressed give curves similar to the characteristic curve A of figure 1. In order 
to show that these curves actually correspond to straight lines when the data 
are conected for the porosity of the pellets, the data for two sauries of silver 
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bromide which show the characteristic curve but differ most widely in their 
values for conductivity are tabulated in table 2. 

The characteristic conductivity curves with the extrapolated straight lines 

for these two samples are shown in figure 2. The values for log and log — 

\l/A)a pa 

from table 2 are plotted in figure 3. At the very high pressures the ratios of 
{l/A)e/{l/A)a and p,/pa are practically unity, so that these values at the very 
high pressures are without significance in figure 3. As is to be expected from the 



Fio. 2. Apparent and corrected conductivities of silver bromide powders during com- 
pression. 

previous discussion, the data in figure 3 fall nearly on a straight line which passes 
through the origin. The empirical relation between (Z/A)e/(I/A)a and p,/p« 
can be expressed as: 



By applying the correction (equation 6) to the conductivity values for the fused 
and well-aged samples of silver bromide* and by plotting the resulting data, one 
obtains curves (figure 4) that can be represented by straight lines. It is pointed 
out here that the identical relationship as given by equation 6 or figure 3 could 

* For the sake of brevity the tabulation of data of the conductivity values for the vari- 
ously aged samples of silver bromide have been omitted here, but they can be found in the 
thesis upon which this paper is based. 
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have been obtained from the data of any curve given in figure 4 instead of the 
data given in table 2. This agreement with the theoretical aspects of the 
problem gives credence to the conception of conductivity taking place by way 
of “paths of surface.” 



CONDUCTIVITY OF FRESH SIDVBB BROMIDE 

Plots of the logarithm of the specific conductivity (uncorrected) against pres- 
sure for pellets prepared from fresh silver bromide powders exhibit the general 
shape of the characteristic curve found in the case of the well-aged and fused 
silver bromide, but the maximum in the curves appears at lower pressures for the 
fresher samples. By applying the same correction (equation 6) to the data for 
the fresher products of silver bromide, one observes that the resulting curves 
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(figure 5) deviate considerably from a straight line. These deviations are at- 
tributed to the rapid aging which takes place when fresh powders with a high 
surface development are subjected to pressure. Under the conditions of the 
experiments as carried out here the derivative of the slope of the curves with pressure 
(d* In x/dp^) at a given pressure can be considered as representing the rate of aging. 
The conductivity-pressure-time sequence followed a rhythmic pattern. .Am 
increment of pressure, say 150 atm., was applied to the powder-pellet and the 
conductivity, i.e., current flowing under a definite potential difference, was noted 
as a function of time. The major portion of the change in conductivity (the 
increase or decrease in conductivity depends upon the value of the pressure) 



Fio. 4. Conductivity corrected for length of pellet as function of pressure (well-aged 
silver bromide samples). 

took place within a matter of seconds after the increase in pressure and before 
the current values could be read on the micromilliammeter.^ The conductivity- 
time function at each pressure reading approached a fairly constant value in the 
course of half a minute, though there was a slight drift in current values with 
time for the fresh samples. Evidently the fresh silver bromide continues to age 
regardless of the experimental conditions. From figure 5 it is noted that the 
slopes of the curves have the greatest numerical values at low pressures and tend 
to approach values which are comparable to the values for the well-aged products 
at high pressures. 

* A continuous current could not be maintained on the silver bromide sample during the 
compression because of the tendency of the migrating silver ions to form dendritic bridges 
through the pellet. 
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DISCXraSION OF RESXTIJB 

The values of the slopes of l^e curves for the various weD-aged samples of 
silver bromide (figure 4) cannot be compared directly vdth one anotiier, since it 
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PRESSURE IN ATMOSPHERES P 

Fia. 6. Conductivity corrected for length of pellet as function of pressure (fresh silver 
bromide samples). 

is known that the slopes in compressed pellets vary with the conductivity (5). 
However, by taking the difference in the slopes of the curves (m pellets obtained 
on compresdon of the powder and on recompresdon of the pellets, aae can 
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calculate the ratio of the conductivity in the loose powder to the conductivity 
in the compressed pellet by the following equation: 

rs — (7) 

Xp 

where xo is the conductivity of the loose powder at zero applied pressure (extra- 
polated), Xp is the conductivity of the compressed pellet at zero pressure (extra- 
polated), ki is the slope d In x/dp for the compressed pellet (5), is the slope 
dlnx/dp for the compression of the powder, and p^ is the maximum pressure 
applied to the pellet (i.e., 3000 atm.). The value of ^2 is independent of the 
magnitude of the applied pressure, but the value of kx will be a function of the 
maximum pressure applied to the pellet. The significance of the value for xo/xp 
is that it represents the relative decrease in surface when a loose powder is com- 
pressed under an external pressure. 

The values for the relative decrease in conductivity from a loose powder to a 
compressed pellet (considered over a pressure range of 3000 atm.) for the various 
samples are given in table 3. In the case of the fresh samples the values for xo 
were estimate from the cuiwes in figure 5. Since the slopes of these curves at 
zero pressure probably are greater than the values indicated in figure 5, the 
values for xo for the fresh powders may be considered as minimum values, so the 
ratio of xo to Xp may be greater than listed. In table 3 the values for xo/xp 
for the more aged samples vary from 1.1 to 1.5, whereas the ratio for the fresh 
powders may be higher than 10. Thus, pressure has a large effect on decreasing 
the surface of fresh powders but very little effect on the well-aged powders. 
Since the latter had been aged drastically previous to the application of pressure, 
one would not have expected any further aging by pressure to take place for 
these powders. 

The decrease in surface brought about by pressure for the fused and well-aged 
silver bromide powders can be termed a ^‘mechanical aging’ ^ or “mechanical 
sintering” process. Consider a fused powder. As pressure is applied to the 
powder, the conductivity decreases according to the value of h (table 3). When 
pressure is released, the silver bromide is in the form of a pellet and the slope of 
conductivity curve with pressure is given by ki (5). As long as the silver bromide 
remains compressed in a pellet, the conductivity will follow reversibly the slope 
given by fci, providing the pressure does not exceed the maximum pi-essure applied 
previously, but if the pellet is crushed and powdered again, the conductivity will 
follow the slope given by k^ until the maximum pressure has been reached, and 
then it will follow the slope given by k\. Since this cycle can be considered as 
reversible, the decrease in surface from powder to pellet in this case is purely a 
mechanical one. In contrast to this process the cycle described above is not 
reversible for the fresh samples, because they had undergone a true aging process 
with pressure. The aging process in these instances can be called “pressure 
ftging.” 

It is pointed out here that the values for xo/xp (table 3) show only the relative 
decrease in surface of a powder by pressure. In order to compare relative sur- 
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TABLE 8 

Surface conductivity and decrease in surface with pressure for silver bromide powders at 

room temperature 


SAMPLE m 
(C0S1S8> 
PONDS TO 
CUEVE 
NUMBER IN 
PIOURES 4 
AND 5) 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13. 

14. 

15. 








SpowAat ^ 

"AGE** 


SURFACE CON- 

A. 

ki 

AS 



beat-treatment or silver bromxds 

DUCnVlTY, Xt 











x» 



ir» 

aim, X 
KH 

aim, X 
lO* 

aim. X KH 


Fused, cooled slowly, pow- 

4.84 X 10-7 

3.06 

2.11 

0.95 



dered 








Fused, pow- 

8-10 mesh 

1.21 X 10-« 

2.42 

1.64 

0.78 



dered, 

10-14 mesh 

1.27 X 10-« 

2.40 

1.68 

0.72 



screened 

mixed size 

1.36 X 10-* 

2.22 

1.73 

0.49 




^14-20 mesh 

1.46 X 10-« 

2.35 

1.65 

0.70 

► 

1.15-1.50 

Fused, quenched] 

powdered 

1.81 X 10-* 

2.13 

1.45 

0.68 



Heated 2 hr. at 

20-28 mesh 

3.25 X 10-« 

2.52 

1.53 

0.99 



376®C., pow- ^ 

14-20 mesh 

4.00 X 10-« 

2.70 

1.49 

1.21 



dered, and 
screened 

10-14 mesh 

4.16 X 10-« 

2.50 

1.59 

0.91 



Aged 1 month in concentrated 

9.34 X 10-* 

2.51 

1.57 

0.94 



NH 4 OH 







Heated 4 hr. at 110 ®C. 

1 

2.5 X 10-» 


1.63 


6.3 

Aged at room temperature for 

2.8 X 10-» 


1.56 


6.0 

1 3 yr. over P 2 O 5 







Aged at room temperature for 

6.3 X 


1.27 


8.0 

3 weeks 







Fresh (1 day old) 

1.3 X 10-* 


1.25 


12.5 

Fresh (less than 1 day old) 

2.1 X 10-* 


0.64 


10.0 


TABLE 4 


Correlation of specific conductivity with surface area measurements of silver bromide powders 


• SAMPLE NO. 

SPECIFIC CONDUCTIVITY, ^0 

SPECIFIC SURFACE AREA : 
WOOL VIOLET PER ORAM 
OF SILVER BROMIDE 

/ spEanc coNPucnvm \ ^ 

^ “ SURFACE area " / ^ 

1 

em.-i 

4.84 X 10-7 

mg. 

M) 


7 

3.25 X 10-® 

0.027 

12.0 

11 

2.5 X 10-» 

0.38 

6.6 

12 

2.8 X 10-» 

0.32 

8.7 

18 

6.3 X 10-* 

0.71 

8.9 

15 

i 2,1 X 10-^ 

2.50 

8.4 


faces between variously aged powders, one must use only the xo values. For 
example, the ratio of the surfaces for the freshest powder to the fused powder 
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listed in table 3 is 


2.1 X JO 
4.84 X 10-7 


The specific surface (expressed in milligrams of wool violet dye per gram of 
silver bromide) of several of the variously aged powders of silver bromide has 
been measured by the dye-adsorption method (3), using wool violet dye and a 
Cenco Photelometer, and are tabulated in table 4. The specific conductivities, 
i.e., extrapolated conductivities of the powders at zero applied pressure, for 
those samples whose surface areas have been measured also are given in table 4. 
It is observed that the ratio of the specific conductivity to the specific surface area 
is essentially constant over a wide range of surface areas. These data tend to 
substantiate the validity of equation 1 that the low-temperature conductivity 
is predominantly a surface conductivity. 


SUMMARY 

Freshly precipitated silver bromide has been found to be an ionic conductor in 
which only silver ions are migrating through the powder. 

A method of determining the electrical conductivity of a loose powder of silver 
bromide has been devised by extrapolation of measured conductivity-pressure 
data. An empirical correction for the ratio of the length to the cross-sectional 
area of a compacted pow^der as the pow^der mass is compressed has been found to 
be associated with the apparent bulk density according to the relation: 



The decrease in surface upon compression of a pow^der as a function of the 
‘‘age” of the powder has been follow^ed by electrical conductivity measurements. 
Fresh silver bromide powders undergo considerable “pressure aging,” whereas 
drastically aged pow^ders suffer only a mechanical decrease in surface w’ith 
pressure. 

The specific conductance of silver bromide pow^ders at low' (viz, room) tempera- 
tures has been showm to be directly proportional to the surface areas of the 
powders, as measured by the dye-adsorption method in accordance with the 
proposed relation: 

X = 
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EFFUSION OF GASES AT CRITICAL VELOCITIES 
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Ever since Graham’s discovery of the relation between the rate of diffusion of 
gases through fine porous diaphitigms and the density of the gases, the method 
of gas diffusion has been variously employed both for molecular weight measure* 
ments and for isotope separation. However, the kinetic theory shows that the 
ph 3 ^ical requirements for true diffusive flow are rather strict, — so strict, in fact, 
that true diffusive processes are rarely encountered in the laboratory. The mean 
free paths of most gases and vapors at atmospheric pressure and room tempera- 
ture lie in the range 10~® to 10~* cm. To measure diffusion through membranes 
at atmospheric pressures would require that the membranes have pores with 
diameters less than the mean free path of the gas (i.e., 100-1000 A.). This situa- 
tion can be improved by working at lower pressures, but in the change, addi- 
tional problems are introduced such as accurate, low-pressure measurement and 
surface adsorption. Outside of the veiy careful work of Knudsen (5), who did 
measure diffusion in the low-pressure range, using thin platinum diaphragms 
having extremely small holes, there have been very few reports in the literature 
on diffusion through diaphragms. Indeed, there has actually been some mis- 
understanding and confusion caused by the application of the term “diffusion” 
to what are not really true diffusion processes. 

More common practice has been to measure the effusive flow of gases through 
thin orifices. There are many commercial models of effusiometers, which are 
supposed to measure gas density or molecular wei^t through dependence on 
flow rate. The hydrodynamic equations for effusive flow through thin orifices 
under adiabatic conditions are well known (6). The mass flow in grams per 
second, Q, under such conditions is given by; 

In this equation A represents the area of a circular hole in a thin diaphragm, 
y the ratio of specific heats Cp/C„, R the gas constant, M the molecular weight, 
T the absolute temperature, Po the high pressure and P the low pressure of the 
effusing gas. For very small pressure gradients (P/Po = 1), the equation re- 
duces to; 

Q- (2) 

> Presented before the Division of Physical and Inorganic Chemistry at the 113th Meet* 
ing of the American Chemical Society, which was held in Chicago, Illinois, April, IMS. 
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In this form it is suitable for use in relating molecular weights to flow veloc- 
ities. It is, however, worthwhile pointing out that for regular laboratory prac- 
tice, in addition to having AP small, the experiment should be carried out when 
comparing different gases at constant AP, for otherwise the interpretation and 
use become very difficult. On the other hand, at small AP the flow becomes so 
slow as to change from adiabatic to isothermal for any finite orifice thicknesses. 

Buckingham and Edwards ( 1 ) have made a rather extensive investigation of 
effusive flow under these conditions and have found that corrections of quite 
complicated form had to be introduced, which included both viscous effects and 
corrections for non-adiabaticity. The conclusion to be reached from a study of 
their work is that the effusiometer is not a trustworthy instrument for measuring 
gas densities and should be applied with considerable reservation to the analysis 
of unknown gases. 

Equation 1 does, however, offer another possible avenue of approach. As the 
ratio P/Po is decreased from unity, the flow reaches a maximum value for the 
ratio: 


P/Po 


2 

.7+1/ 


Since this is a maximum, further reduction of the back pressure cannot in- 
crease the flow and certainly cannot decrease the flow as the equation paradoxi- 
cally implies. The conclusion must be drawn that once the critical pressure 
ratio (P/Po)c is reached, the flow becomes independent of back pressure ( 6 ). 
Under these conditions, equation 1 reduces to: 

Q. = PoA{M/RT)%) (3) 


in which f(y) is given by: 

^ (f+l) ] 

This equation shows that Qe is well adapted for measurements of molecular 
weights of gases if 7 is known. However, as can be seen in table 1, in which /(y) 
is shown as a function of 7 , for the values of 7 which occur commonly (from 1.2 
to 1.4), the maximum change in /(y) is only 5 per cent. Only the monatomic 
gases fall outside of this range (7 = 1.67) and even for these the change in/Cy) 
is only an additional 5 per cent. 

Using some intermediate values of /(y) such as 0.670, equation 3 reduces to a 
form in which the flow, Qc, is simply related to P, T, and M. For a given appara- 
tus only M will vary from gas to gas and so the relation can be employed in molec- 
ular weight determinations. Table 2 shows how the values of the critical 
pressure ratio (P/Po)« will vary with different values of 7 . 

(P/Po)« is a smooth, monotonic function of 7 with very small variation in the 
region of commonly occurring values of 7 . Thus for most gases, a ratio of for- 
ward to back pressure of about 2 is sufficient to ensure critical flow. 
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The following portion of this paper is a report on an experimental metiiod for 
determining molecular weights of gases by measurements of their mass flow 
through an orifice at critical flow velocities. 

TABLE 1 


Variation of f(y) with y (equation 4) 


7 

Hr) 

' 1.670 

0.712 

1.500 

0.701 

1.400 

0.685 

1.300 

0.670 

1.200 

0.652 


TABLE 2 


Variation of critical pressure ratio with y 


y 

iP/P0)c 

1.670 

0.496 

1.500 

0.512 

1.400 

0.525 

1.250 

0.555 

1.100 

0.580 


EXPERIMENTAL 

The effusiometer which was used in the present work is shown in figure 1. 
It consists of a mercury manometer, an orifice with by-pass (6, figure 1), and a 
vacuum-operated Toepler pump. The entire system could be evacuated to a 
pressure of 2 microns by means of a Welch Duo-Seal vacuum pump. A gas 
manifold, not shown in figure 1, had Pyrex bulbs in which gases could be stored 
and from which small samples of gas could be transferred to the manometer 
through the by-pass, using the Toepler pump. 

By keeping the volume of all parts of the apparatus small and using a Toepler 
pump with a volume of 300 cc., all transfers within the system could be made 
with two or three strokes of the pump. Three strokes were sufficient to evacu- 
ate the manometer and orifice to a pressure of less than 0.1 mm. of mercury, 
starting at atmospheric pressure. 

The orifice was a specially constructed platinum disc built to order by the 
American Meter Company. The disc was 0.0125 cm. thick and had a very 
fine circular hole 0.00493 cm. in diameter. The diameter of the opening was 
measured with an optical micrometer. The small hole was extremely regular, 
despite its size. The orifice was sealed to Coming glass No. 705AJ and then by 
graded seals to the apparatus. 

Tlie manometer was constmcted of specially selected, 12-mm. O.D. Pyrex 
tubing. Tungsten wires, to the ends of which fine platinum wires had been 
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spot-welded through nickel, were sealed into the evacuated arm of the manom- 
eter and served as electrical contacts to indicate different gas pressures. After 
the manometer had been filled with mercury, the pressures corresponding to the 
different contacts were measured with a cathetometer to 0.01 cm. These pres- 
sures were: 27.13, 11.03, 7.02, 4.65, 2.19, and 1.00 cm., respectively. These 
differences were rechecked during the course of the work and found to be con- 
stant. Variations with room temperatures were checked and found to be less 
than 1 part in a thousand. This is consistent with the coeflScients of expansion 
of mercury and glass. 



Flow rates were measured by observing the time for the pi-essure to fall through 
the values represented by the different contact points. The timing circuit is 
shown in figure 2, in which the bottom four contacts are shown operating. It is a 
further modification of a system originally described by Feskov (4) and later 
modified by Drake (2). In operation, the lowest contact shown in figure 1 and 
figure 2 is always below the mercury surface and serves as a common ground for 
the electric timers used. The runs were started at high pressures with all con^ 
tacts under mercury. The top contact, on opening, tripped the relay and started 
all the timers. Then as each subsequent contact was passed, its timer would 
stop. In this way, using three electric timers simultaneously, three experi- 
mental points could be obtained at once. 

There was no difficulty with mercury sticking at the contacts. The times were 
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measured to 0.1 sec., and time measurements were reproducible to wilbin 1 part 
in a thousand for a given gas. The timers were checked against each other and 
found to be consistent to within 1 part in 10,000. 

Runs were made by first evacuating the system to 1 micron. A sample of gas 
was then pumped from the gas manifold to the manometer, using tiie Toepler 
pump. T^e starting pressure was adjusted, again with the Toepler pump, and 
residual gas was displaced into the manifold. The by-pass stopcock S (figure 1) 
was opened, starting the run. Runs were made under three different sets of 
conditions: first with S (figure 1) turned to vacuum; then with S turned to the 



Fia. 2. Timing circuit 


evacuated Toepler pump; and finally, in the case of condensible ^isas, with S 
turned to the Toepler pump with its well (figure 1) filled widi liquid air. When 
runs were made with the gas passing into the Toepler pump, the samples were 
conserved and could be re-run. The entire time for a run was less than lOmin. 

The gases used in the present work were chosen to cover a wide range of 
molecular weights. They were hydros, ammonia, oxygen, carbon dioxide, 
sulfur dioxide, and dichlorodifiuoromethane (Freon 12). They were research- 
grade gases, taken directly from tanks and passed into the B3r8tem through indi- 
cating Drierite. Both system and storage bulb were flushed and evacuated 
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twice with the gas to be stored before being allowed to fill to atmospheric pressure. 
Both hydrogen and oxygen were allowed to pass through a trap immersed in 
liquid nitrogen to remove condensibles. The other gases were put through two 
isothermal ^tillations to remove non-condensibles. 

The system as described, although slightly more complicated, has many dis- 
tinct advantages over the conventional type of effusiometer. It is a micro- 
effusiometer capable of operating on as little as 1 cc. (S.T.P.) of a gas. By 
operating at low pressures, corrections for the non-ideality of gases are avoided. 
Gas samples are not lost in measurement but may be recovered after runs and 
re-run or used for further tests. The trying difficulties due to dust particles 
settling on the orifice, which are described by Buckingham and Edwards (1), are 
completely avoided in this closed system. Finally, it is the belief of the authors 
that the method of gas effusion at critical pressure ratios is a theoretically more 
sound procedure than effusion at small pressure gradients. 


EXPERIMENTAL RESULTS 

All gases were run under as wide a variety of conditions as possible. Typical 
data are shown in figure 3 in which the time, t, is shown plotted against P, the 
pressure of the effusing gas. The data in figure 3 are for ammonia flowing into 
both vacuum (dotted line) and the Toepler pump (solid line) for two different 
starting pressures. 

Because, in the present system, both the volume and the pressure of the effus- 
ing gas are changing, there is no simple analytical expression relating molecular 
weight to the time for given pressure drops. Nor can the flow rates be obtained 
directly from the efflux times. The mass flow Q, in grams per second, however, 
can be related to the pressure and its time derivative by the following equation: 




MV^ / ^ 

~RT V yj dt 


(5) 


In equation 5 M represents molecular weight, T the absolute temperature, P 
the pressure, i the time, a the cross-sectional area of the manometer (0.795 cm.*), 
and Fo the volume of the system behind the orifice at zero pressure. 

All quantities in equation 5 are known except dP/d<, which is obtained from 
the experimental measurements. Instead of attempting to obtain dP/d< 
from the P-t plot of figure 3, it was found simpler to plot log P against i and 
obtain dP/dt from the slope of the resulting curve. The data of figure 3 are 
shown plotted in this manner in figure 4. This curve is very close to a straight 
line and the slopes are easily determined. In terms of such a plot, equation 5 
transforms to: 

Following the determination of Q at various pressures, log Q was plotted 
against log P for all gases in order to determine the pressure dependence of Q. 
The results for the different gases are shown in figures 5 to 10. As can be seen, 
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Fio. 7. Gas— oxygen: plot of log Q against log P Fio. 8. Gas— carbon dioxide: plot of log Q agidnst log P 
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for the intermediate pressure region, log Q is a linear function of log P. The 
slope of these portions of the curves is 1.20 for all of the gases with a deviation 
which is less than 2 per cent and certainly within the experimental error. Thus 
Q in this region varies directly as P‘'*®. From the intercepts of these linear por- 
tions of M, dependence of Q can be obtained by comparing the different gases. 
In figure 11 these intercepts, log Q (at imit pressure), are shown plotted against 



Fia. 11. Plot of log M (molecular weight) against log Q (at unit pressure) 

log M. With the exception of oxygen, the points fall on a very good straight 
line. The two results indicate that the relation between Q, P, and M is given by : 

Q = (7) 


DISCUSSION 

For purposes of discussion, the relevant physical data for the gases used are 
presented in table 3 (values taken from International Critical Tables). From the 
values listed for the mean free paths it can be seen that even at the lowest pres- 
sures used (1 cm. of mercury) the orifice diameter was still about ten times the 
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longest mean free path. Under these conditions, the flow may be considered as 
effusive. 

Inspection of figure 3 shows that back pressure has negligible effect on the flow 
rates down to very low forward pressures. This may be taken as very direct, 
experimental evidence for the fact that in this pressure region we are indeed 
beyond the limit of critical flow. Calculations of the expected back pressures 
in the Toepler pump system further confirm this. Except at the lowest points, 
for the higher starting pressures, the ratio P/Po is always less than 0.5. 

Another striking experimental fact which seems to justify further the reduction 
of equation 3 is the conformity of the Q-P dependence for the different gases. 
Effusion that is not critical would be expected to show a Q-P relation that would 
be a function of the y for the specific gas. However, whereas equation 3 for ideal 
effusive flow predicts a linear relation between Q and P, the empirical equation 7 
indicates that Q is proportional to Similarly, whereas equation 3 predicts 

that Q should vary as for different gases, equation 7 shows that under our 

TABLE 3 


Physical data for gases studied 


CAS 

MOLECCLAft 
WEIGHT, M 

VISCOSITY 

(20*C.) X I0« 

MEAN THEE PATH, 

L X 10« 

C^/C, 

( 2 rc.) 

Hydrogen 

2.02 

poises 

89 

m. {S.T,P.) 

18.3 

1.410 

Ammonia 

17,0 

100 

7.0 

1.310 

Oxygen 

32.0 

201 

10.0 

1.401 

Carbon dioxide 

44.0 

148 

6.3 

1.304 

Sulfur dioxide 

64.0 

125 

4.6 

1.28 

Freon 12 

121.0 

100 (est.) 

2.6 (est.) 

1.19 (est.) 


experimental conditions Q varies as wdth a large deviation shown by oxy- 
gen (figure 11). This deviation of oxygen cannot be accounted for by differ- 
ences in 7 , since f{y) for oxygen is not significantly different from the values of 
S{y) for the other gases. 

A reasonable explanation for the discrepancy between equations 3 and 7 may be 
found from a consideration of the orifice dimensions. The orifice used was not 
an infinitely thin wall, but actually a short tube with a radius-to-length ratio of 
1/5. The effect of this finite length is to introduce viscosity as one of the flow 
factors. For isothermal, viscous flow of an ideal gas through a long tube, the 
mass flow Q is given by: 

For small back pressures, Q would be expected to vary as For 

larger back pressures the apparent P dependence would be somewhat less than 
a power of 2. If we were to add a correction term of the form MF^v~^ to equa- 
tion 3, we might expect a net result to be similar in form to the odd powers found 
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in equation 7. In the case oxygen, with a viscosity that is relative^ hi|^, the 
effect would be exactly in the direction observed. It was found that a small 
empirical correction of the form mentioned was partially successful in bringing 
all of the data into reasonable concordance. 

It is likely that a much thinner orifice, which can easily be manufactured, * 
would reduce the viscosity effect to ne^ig^le proportions. Further e)q)erimmits 
should be made to verify this. 

Despite the limitations imposed by high viscosities, the present ssrstem can 
be used to measure molecular wei^ts for most gases, since most gases will have 
comparable viscosities. Eyring (3) has reported using a flow system for meas* 
uric^ molecular weights. A study of the dimensions of his ^tem under the 
pressures used shows that the flow was effusive and in the region of critical veloc- 
ities. The good agreement which he obtained using a diffusion-type equation is 
due in part to a fortuitous choice of gases and mainly to the remarkable coinci- 
dence that the equation for diffusion through an orifice into a vacuum is identical 
with equation 3, except for a numerical constant. The ratio of the constants 
for the two different equations is 1.6, the effusive flow being faster. 

The present ^stem should be very useful in measuring the composition of 
isotopic mixtures such as Hj-Dj or NHa-NDj. In such mixtures, the viscosity 
and y effects will entirely cancel and the accuracy will depend only on the 
accuracy of timing, which is about 0.2 per cent. 

SUMMARY 

1. It is shown that when the ratio of forward to back pressure for a gas effus- 
ing through an orifice exceeds 2, a region of critical flow velocity is reached. In 
this region the flow Q is directly proportional to M^Pf(y), f{y) varying very 
little for most gases. 

2. A microeffusiometer is described having a small platinum orifice and 
equipped with automatic electric timers. It is shown that this instrument can 
be used in most cases to measure molecular weights to within 4 per cent. It is 
expected that the use of a thinner orifice would improve tlie absolute accuracy 
and extend the range through the elimination of viscosity effects. 

3. The apparatus has the advantages of using small gas samples (1-2 cc. at 
S.T.P. minimum) and preserving the sample for further work. It should also 
be capable in its present form of measuring the relative densities of isotopic gases 
to within 0.2 per cent, since in these cases the effects of viscosity may be ex- 
pected to cancel. 
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introduction 

In electrophoretic experiments carried out at the average isoelectric point of 
the protein and at a low protein concentration so that the electric field and pH 
are essentially constant through the protein boundary, reversible spreading 
indicates electrophoretic heterogeneity. Under these conditions, Alberty (1) 
has shown that in the case of a Gaussian mobility distribution, the standard 
deviation of the mobility distribution may be determined from the schlieren 
photographs of the protein boundary. In the case where there is measurable dif- 
fusion of the protein during the experiment and the mobility distribution maybe 
represented by the Gaussian probability function, the experimental refractive-in- 
dex gradient will have Gaussian form, and the standard deviation of the mobility 
distribution, h (heterogeneity constant), may be calculated by using equation 1 

2 2 Jp2i2 

D* = + t, ( 1 ) 

In this equation ao is the standard deviation of the gradient curve at the moment 
the field is applied, a is the standard deviation after electrophoresis for tg seconds, 
E is the electric field strength, and tg is the time of electrophoresis in seconds. 
The determination of <r with the schlieren optical system is subject to several 
errors, which are discussed in the experimental section. The heterogeneity 
constant, A, is calculated from the slope of the plot of D* vs, tg. 

In the following report the isoelectric points and heterogeneity constants of 
eleven purified protein preparations and of gelatin have been determined. It 
should be emphasized that the protein preparations used were not recrystallized 
for these tests, and except for urease, which was a suspension, were obtained as 
dry solids. 


steady-state boundary^ criterion 

A disadvantage of the electrophoretic spreading test for homogeneity is that it 
cannot be applied to a number of proteins which are either unstable or insoluble 
at their isoelectric points. An additional criterion for the electrophoretic homo- 
geneity of a protein which may be applied at pH levels away from the isoelectric 

^ The first paper of this series is referred to in reference 2. 

* This work was also supported in part by grants from the U. S. Public Health Service 
and the Wisconsin Alumni I^search Foundation. 
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point is obtained from the study of moving-boundary systems of inorganic 
electrolytes. The usual ascending protein boundary is of the type (15) 

AR(7) ARSOS) :: ARS(a) 
or 

ABR(a) :: ABR(/3) AR(7) 

where A and R represent the buffer cation and anion, respectively, S represents 
a protein anion, and B represents a protein cation. The symbols a, jS, and y 

DESCENDING ASCENDING 

0.1 NoCI ;:NaCI — • 0.1 NoCI, O-OENalO. O.INaCI,Oj02NaIO,'.:NoCI,NaIO,— • 0.1^0 



I • fO m.a 

1 



Fio. 1. Refractive-index gradient curves for iodate boundaries, showing steady-state 
ascending patterns. 


designate the different homogeneous phase regions in order of decreasing density. 
The :: represents the protein concentration (or S) boundary and — ♦ the moving 
boundary. Following Longsworth’s convention, the system is written so that 
the current flows from left to right. Such moving-boimdary systems in which 
S or B are ions of low equivalent weight rather than proteins are analogous to 
ascending protein boundaries and indicate the behavior to be expected from pure 
proteins. Longsworth (15) has studied some systems of this t3rpe and has found 
that if I Mb I < I Re I (for example, A *= K+, R =* CP, S == IQ>“), the boundary 
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moves with constant height and shape.^ This is further illustrated by figure 1, 
which shows the moving-boundary systems: 

Descending: NalOg (0.02 N), NaCl (0.1 N) ^ NaCl (^) :: NaCl (O.liNT) 

Ascending: NaCl (0.1 N) ^ NalOa, NaCl (^) :: NalOa (0.02 A), NaCl (0.1 N) 

In this experiment the iodate ion is analogous to a protein ion. 

Photographs taken at regular time intervals indicate that while the descending 
boundary spreads with time, as is also observed in the electrophoresis of proteins, 
the ascending boundary moves with constant height and shape. The stationary 
boundaries are larger than in the protein case, because the equivalent weight 
of the iodate ion is much less than that of proteins, so the adjustment of salt 
concentration at the position of the initial boundary is relatively greater. Ex- 
periments at two current densities show another important characteristic of this 
type of steady-state boundary, which is that the height of the gradient curve 
is directly proportional to the current density. Longsworth (14) has shown this 
to be true for boundaries of the type AR(a) AS(i(3) :: AS (7). 

It might be expected, therefore, that electrophoretically homogeneous proteins 
or other colloidal electrolytes would show steady-state ascending boundaries and 
that the value of the maximum gradient would be directly proportional to the 
current density. There are two limitations to the application of this proposed 
test to proteins which should be mentioned. First, at sufficiently high protein 
concentrations the conductivity effect which is responsible for the sharpening 
of the ascending boundary may be so great that the boundary of a somewhat 
heterogeneous protein would move as a steady state. However, at lower protein 
concentrations and electric field strengths, the ascending boundary for such a 
protein would spread with time. Second, the pH effect (16) which is present in 
electrophoretic experiments with proteins tends to cause broadening of the 
ascending protein boundary if the protein is negatively charged and sharpening 
if the protein is positively charged (provided the buffer is of the uncharged-acid 
type). If the buffer is of the uncharged-basic type, the situation will be reversed. 

Formation of a steady-state ascending protein w^ould, within limits, establish 
the protein as being electrophoretically homogeneous. None of the proteins 
which we have tested satisfy this test. In the experimental section, three pro- 
teins have been tested in this manner. 


EXPERIMENTAL 


The experimental procedure for the reversible spreading determination has 
been described previously (1, 2). The apparent diffusion constants, />*, were 
calculated from the enlarged gradient curves by using the half-width at the 
inflection point, a;,, or the maximum height, H, and area, -4 


Dt = 


(x.)* - (x.),* 
2hG* 


( 2 ) 


» If I tis I > 1 Wr I or I Ub I > I I the boundary will spread with time. However, this 
latter case is seldom encountered with proteins. 
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Here G is the total magnification from cell to enlarged tracing, and the subscript 
zero indicates the value at the time tg » o. The heat dissipation in the electro- 
phoresis cell was always kept below 0.015 watt/cc. 

The determination of diffusion constants with the cylindrical-lens schUer^ 
optical system requires attention to details which are generally ignored in the 
application of this optical method to electrophoretic analyris. Photographs 
may be taken by using diagonal knife edges, rectangular slits, spindle-shaped 
slits, and diagonal fine wires. In general, adjustable slits (5) and special-shaped 
slits (23) are not practical for diffusion measurements, because a different slit or 
adjustment is required for each photograph. For this reason diagonal knife 
edges and diagonal rectangular slits have been most used. Although it might 
be expected that identical results would be obtained by these two methods, this 
has been found experimentally not to be true because of the nature of the dif- 
fraction pattern of the diagonal slit or knife edge at the photographic plate. 
Photographs taken with a diagonal knife edge brought in from above the optic 
axis do not have the same appearance and do not give the same values for the 
maximum ordinate and area as photographs taken with a diagonal knife edge 
brought in from below the optic axis because of the diffraction pattern. In 
addition, the peak height and area vary with exposure time even when contrast 
plates are used, since the first diffraction band on either side of the peak is broad 
and diffuse. With a narrow rectangular slit, on the other hand, the value of the 
area and the maximum ordinates are independent of exposure time within the 
range in which satisfactory photographs are obtained. Data illustrating these 
points are ^ven in tables 1 and 2. These data were obtained from a 0.7 per cent 
solution of crystallized bovine albumin at pH 4.7, T/2 = 0.10, at 1“C. The 
photographs were taken on Eastman Kodagraph C.T.C. plates between 30,240 
and 31,860 sec. after the boundary had been sharpened and were developed in 
Eastman D-19. The photographs were enlarged 6.40 times and traced by hand. 
All measurements were made on these tracings. In the case of diffuse edges the 
line was drawn at a level at which the density was approximately one-fourth that 
of the first maximum, because this corresponds to the geometrical edge in the 
case of diffraction from a straight edge. Since the peak heights and widths 
changed during this period, owing to diffusion, it is better to compare the dif- 
fusion constants than the actual dimensions of the schlieren curves. The 
values given in the tables are means of the results obtained by two individuals. 
The average difference between the diffusion constants determined by these two 
individuals was 0.2 X 10~^ or about 7 per cent. It can be seen that with a diag- 
(mal knife edge the diffusion constant changes considerably with exposure time 
and the diffusion constants with upper and lower jaws agree better for long ex- 
posure times. It is to be emphasized that these exposure times are not extremes 
but all represent traceable photographs. Because of the wave nature of lif^t, 
Ihe maximum in the intensity of the lowest fringe in the interference pattern at 
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the knife edge does not coincide with the position determined by geometrical 
optics (9). Also, some light is found below the lowest position predicted by 
geometrical optics, and because of this diffuseness of the lowest fringe, the 
apparent height of the peak measured on the photographic plate varies with 
exposure time. This variation in height is important both in the height-area 
and the standard deviation methods for calculating diffusion constants. It is 

TABLE 1 


Comparison of methods for determining diffusion constants from schlieren photographs 

(cylindrical-lens method) 



TABLE 2 

Comparison of areas (in,^) used in calculating Da values in table 1 


KNIFE EDGE JOS SUT ANCLE 

Knife edge 

U ” upper jaw 

L ■» lower jaw 

Slit 

(0.5 mm.) 

EXPOSPKK 

TIME 

45 sec. 

90 sec. 

180 sec. 

90 sec. 

180 sec. 

15® U 


2.33 

2.42 

2.63 






1 

2.74 

2.79 

L 


3.11 

2.87 

2.74 



30® U 


6.00 

5.41 

5.63 








5.85 

5.90 

L 


6.80 

[ 6.51 

6.08 




important in the determination of the standard deviation, (r, by the inflection 
point method because the half-width of the curv’^e is measured at a height equal to 
l/y/e of the maximum ordinate. By using a diagonal slit, the dependence of 
diffusion constant upon exposure time is largely avoided. The areas of the 
schlieren patterns are given in table 2. It can be seen that the areas obtained by 
using a diagonal knife edge brought in from above the optic axis (U) and below 
the optic axis (L) are considerably different. This effect should be considered 
in calculating refractive-index differences or protein concentrations from the 
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area of schlieren patterns. By using a diagonal slit, the dependence <d area upon 
exposure time is avoided. 

In addition to the effects noted above, Kegeles and Goeting (9) have pointed 
out that equations 2 and 3, which are based upon geometrical optical considera- 
tions, are not exactly true. This error is greatest for the most downward de- 
flected light, and this has the effect of compressing the hei^t of the peak and 
leading to high values for the diffusion constant. This error, which makes all 
determinations of diffusion constants mth the schlieren optical sj^tems somewhat 
high,* does not have a significant effect upon the heterogeneity constants calcu- 
lated from equation 1. 

The pH values recorded were measured with a glass electrode at 25“C., and 
sodium-ion corrections were applied above pH 9.6. Protein concentrations of 
0.5-0.75 per cent were used for the electrophoresis samples except where other- 
wise noted. Where the protein stability was in question, the dialysis time was 
shortened by using continuous agitation, a large membrane area, and, in some 
cases, initial pH adjustment to bring the two phases closer to their equilibrium 
values. 


CHYMOTBYPSIN* 

The electrophoretic mobility of chymotrypsin has been determined from pH 
6 to pH 9.5 at 0.01 ionic strength, and the mobilities are plotted against pH in 
figure 2. In these experiments a single symmetrical peak wa.s obtained, and 
there was no indication of the presence of other proteins. The isoelectric point 
of chymotrypsin in diethylbarbiturate buffer of 0.01 ionic strength was found 
to be pH 8.6, and a heterogeneity constant of 0.12 X 10“'* cm.* volt“* sec."' 
was obtained in a spreading experiment under these conditions. At 0.10 ionic 
strength in sodium chloride-sodium diethylbarbiturate buffer the isoelectric 
point is pH 8. 1 . Here, as in all experiments involving labile proteins, the question 
of the stability of the protein must be considered. Kunitz (11) has found that 
at pH 9.0 and 35°C. the half-life of native (a) chymotrypsin is about 6 hr. Pro- 
tein reactions often have high temperature coefficients, so that the denaturation 
rate at l^C., where these experiments were carried out, cannot be reliably esti- 
mated from these data. However, some denaturation would be expected, and 
since the heterogeneity constant is low, it is possible that the original crystalline 
material was more homogeneous electrophoretically than the heterogeneity 
constant obtained would indicate. 

The isoelectric points at 0.10 and 0.01 ionic strengths obtained by the moving- 
boundary method are considerably higher than the values determined by micro- 
scopic electrophoresis using coated collodion particles. Using the latter method, 

* The magnitude of this error depends upon the concentration of the protein solution, 
the thickness of the electrophoresis cell, and the wave length of the light used. For the 
systems studied the error in the diffusion constant from this source is approximately 4 
per cent (private communication from Dr. L. J. Costing). 

* The authors are indebted to Dr. M. Kunits for the four times recrystallised sample of 
this protein. Some of the experiments were repeated with crystalline chymotrypsin ob- 
tained from Armour Laboratories, Chicago, Illinois, and the same results were obtained. 
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Kvmitz (11) found the isoelectric point to be about pH 6 in 0.01 M buffer. One 
explanation for this discrepancy might be that the character of the protein is 
changed by adsorption on collodion. In general, proteins cannot be recovered 
after adsorption on a solid without extensive denaturation. It is us ually 



assumed that any protein will cover completely a collodion particle and hence 
give it the electrophoretic properties of the protein. However, this assumption 
may not always be justified. In any event, the high mobility obtained in electro- 
phoresis at pH 6 and comparable ionic strengths makes the microscopic electro- 
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phoretic result tmteoable. Speeifie ion effects from tiie buffer have been ruled out, 
fflnce a smooth curve was obtained even though four diffoent buffets were used 
in covering the pH range studied. 



CHYMOTRVPSINOGEN* 

A pH— mobility curve for chymotrypsinogen at 0.01 ionic strength is given in 
fig^ire 3. The isoelectric point in 0.01 N sodium ^ycinate buffers is pH 
At the isoelectric point the protein showed reverrible spreading, givii^^ a hetero* 

* autboiv are indebted to Dr. M. Kunitz for the cryetaQine sample of this prot(da> 



TABLES 


Summary of electrophoretic spreading experiments 


ficnsm 

r 

2 

pH 

I.P. 

Burrem salt* 

B 

«x io»t 

*x 10* 






volts 

cm.-i 

cm.* stc.“^ voUr^ 

cm.* sec.^^ 
voltr^ 

Ch 3 rmotiyp 8 in.. 

0.01 

8.6 

8.6 

NaV 

6.84 

+0.03 

0.12 


0.10 

7.73 


0.08 NaCl 
0.02 NaV 

1.56 

+0.25 

0.2 


0.10 

8.1 

8.1 

0.08 NaCl 
0.02 NaV 

1.65 

0 

0.25 

Chymotrypsin- 








ogen 

0.01 

9.55 


G 

5.49 


0.5 

1 week dialy- 




sis 

0.01 

9.35 

9.71 


G 

4.84 

5.65 

- 0.22 

-0.74 

0.7 

0.5 


0.01 

9.5 

G 

16 hr. dialysis 

0.01 

9.35 


G 

5.5 

+ 0.6 

0.3 


0.01 

9.6 


G 

5.65 

-0.3 

0.6 

Lysozyme 








Lot 1C2R73. . 

0.05 

11.27 

11.2 

NaG 

2.58 

Major — 0.21 

Minor ( 6 %) —7.0 

0.32 

LotSOlLl... 

0.01 

11.42 

11.0 

NaG 

3.32 

-1.3 

0.5 

Conalbumin ... 
Conalbumin 

0.01 

6.3 


NaCac 

6.96 

Major 2.2 


minus davin . 

0.01 

6.8 

71 

NaCac 

5.93 

0.54 


Hemocyanin 






• 


(Limulus poly- 
phemus) 

0.10 

6.0 


0.08 NaCl 
0.02 NaCac 

2.5 


0.29 


0.05 

6.11 

5.6di0.1 

0.03 NaCl 
0.02 NaCac 

2.38 

Major — 6.6 

0.32 


0.10 

8.5 


NaV 

6.0 

Minor -5.1 


Horse 71 -glob- 








ulin (hyper- 
immune) 

0.10 

8.02 

7.5 

0.08 NaCl 

1.61 

-0.87 

0.56 


0.01 

8.5 

7.9 

0.02 NaV 

5.86 

- 1.0 

1.3 

Sample 2 

0,01 

8.05 


NaV 

6.24 

-1.38 

1.1 

Horse 7 s-glob- 








ulin (normal). 

0.01 

7.95 

8.0 

NaV V 

6.23 

+0.14 

0.8 


0.001 

8.2 j 

1 


NaV 

18.9 



Human 71 - 








globulin 

0.001 

8.35 


NaV 

18 




0.003 

8.2 


NaV 

6.55 


1.0 

Human 71 - 








l^obulin 

0.10 

5.84 

5.4db.2 

0.08 NaCl 
0.02 NaCac 

1.55 

-0.47 

0.26 


0.01 

6.6 

6.45 1 

NaCac 

5.9 

-0.46 

0.95 
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TABLE 3 — Concluded 


PXOTEIN 

r 

2 

pH 

I.P. 

BtnnPEX SALT* 

R 

uxm 

AX10» 

Ribonuclease. . . 

0.01 

0.01 

8.07 

9.75 

9.45 

NaV 

NaG 

volts 

6.06 

5.84 

cmJsecr^volr^ 

4.0 

-0.96 

emJ secr^ 
volr^ 

Gelatin 

0.01 

4.76 

4.9 

NaA 

5.12 

Major +0.24 

Minor +1.9 (12%) 
(descending only) 

From sym- 
metrical 
ascend- 
ing peak 
0.51 

Urease 

0.01 

7.4 


NaV 

6.28 

+9.5 

5.73 

0.32-0.53 


0.01 

6.43 


NaCac 

5.9 


• G -■ g^ycinate; A — acetate; Cac •• cacodylate; V — diethylbarbiturate. 
t Descending mobilities are given. 


geneity constant of 0.3 X 10“‘ after dialysis for 16 hr. and 0.7 X 10~* after dialy- 
sis for more than a week. This indicates that the protein is altered upon standing 
at this alkaline pH, and therefore the heterogeneity constant is a measure of the 
upper limit of electrophoretic heterogeneity. It would be necessary to compare 
these values with determinations of biological stability under the same conditions 
before any final statement could be made as to the electrophoretic homogeneity 
of the original crystalline material. 

As in the case of chymotrypsin the isoelectric point determined by the moving- 
boundary method is much higher than the value (pH 5.0) determined by micro- 
scopic electrophoresis and reported by Kunitz and Northrop (13) for comparable 
ionic strengths. Determinations in which acetate and cacodylate buffers were 
used in the range pH 5-7 where the protein is reasonably stable yield high positive 
mobilities, indicating a much higher isoelectric point. 

lysozyme' 

The electrophoretic mobilities of this protein determined at ionic strengths of 
0.01, 0.02, and 0.05 are plotted in figure 4. The isoelectric point of lysozyme in 
sodium glycinate buffer is about pH 11.0 at 0.01 ionic strength and pH 11.2 at 
0.05 ionic strength. In several experiments a second component was observed 
to move with a high negative mobility. As estimated from the electrophoretic 
diagram the second component comprised 6-20 per cent of the total protein. 
In other experiments the second component did not appear at all. The hetero- 
geneity constants of lysozyme were 0.35 X 10“‘ at 0.05 ionic strength and about 
0.5 X 10~® at 0.01 ionic strength. Since lysozyme is only soluble to the extent of 
about 0.3 per cent at its isoelectric point, it is difficult to maintain a stable bound- 

^ Crystalline lysozyme, Lot 1C2H73 and Lot 801L1, was obtained from Armour Labors* 
toriee^ Chicago, Blinois. 
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aiy density gradient during electrophoresis. It was found particularly impor- 
tant here to use short efficient dialyses and to check roughly on the degree of 
completion of dialysis by pH and conductivity measurements on the protein 
and buffer phases. 



The unusually steep slope of the pH-mobility curve suggests that a large 
number of the groups ionizing in this range have approximately the same ioniza- 
tion constant. Binding of glycine has been suggested by Alderton et al. (3), who 
obtained mobilities more positive than expected with glycine. Glycine, however, 
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is negatively charged at tiiese pH leveb a&d any complex formation should make 
tite mobility more negative. 


CONALBtJMIN® 

The purified sample ci conalbumin from hen’s eggs appeared homogeneous 
in electrophoresis in diethylbarbiturate buffer of pH 8.6 and 0.10 ionic strength. 
However, at pH 6.3 and 0.01 ionic strength this protein was resolved into two or 
three components. Electrophoretic mobilities are greater at lower ionic strengths 
because the decrease in the shielding effect of the ionic atmosphere, and higher 
electric field strengths may be used without convection. For this reason electro- 
phoresis at low ionic strengths frequently makes possible better resolution of 
mixtures containing closely related proteins. Since conalbumin is highly fluores- 
cent under ultraviolet li^t and is j^own to contain flavin, it was suspected that 
the various components observed at pH 6.3 represented protein molecules con- 
taining various amounts of flavin, flavin is apparently bound on a basic group 
of the protein (10, 24) ; hence dissociation raises the isoelectric point. The flavin 
moiety was removed by dialysis at pH 4 for 1 week with a number of buffer 
changes, the dialyzable flavin being reversibly dissociated from the protein in 
acid solution. Electrophoresis on the remaining protein at 0.01 ionic strength 
indicated that two components were still present. The major component had a 
mobility of -i-0.54 X 10“* and the minor component, comprising about 15 per cent 
of the total, had a mobility of —0.26 X 10“* at pH 6.8. 

HBMOCYANiN OF Ldmulus polyphemvs* 

Pedersen has reported (22) that the hemocyanin of Limtdus polyphemua gave 
quite uniform electrophoretic migration inside the stability range (pH 5.0-10.5), 
and suggested that the components which are resolved in the ultracentrifuge have 
the same electrochemical properties. However, reversible electrophoretic spread- 
ing experiments indicate that this protein is electrically heterogeneous at both 0.1 
and 0.05 ionic strengths at the corresponding isoelectric points, approximately 
pH 6.0 and pH 6.1. The heterogeneity constants are 0.29 X 10“* and 0.32 X 
10~* at 0.1 and 0.05 ionic strengths, respectively. The diffusion constant deter- 
mined after reversal of the current for an equal period of time was 0.87 X 10“^ cm.* 
sec.'* at l^C., in substantial agreement with other hemocyanins having about the 
same molecular weight and sedimentation constant (no diffusion data on this 
particular species were available in the literature). Electrophoresis at pH 8.6 
in 0.1 ionic strength diethylbarbiturate buffer indicated the presence of two 
C(»npoinents. The main component, corresponding to 75 per cent of the total 
material, had a mobility of —6.6 X 10“* and the smaller component, comprising 
25 per cent of the total, had a mobility of —5.1 X 10“*. 

* Hie authors are indebted to Dr. H. F. Deutsch for the sample of this protein, which 
was prepared by alcohol fractionation methods (4). 

* Fleshly drawn blood of Limulia polyphemua obtained from Dr. H. C. Bradley was 
allowed to dot while exposed to air and the clot was removed by filtration. 
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HORSE 72 -GLOBULIN (hYPERIMMUNb)^® 

This protein contained antibody to diphtheria, tetanus, perfringens, vibrion 
toxoids, and pertussus culture. It is responsible for part of the antibody activity 
of hyperimmune horse plasma. A single moving boundary was obtained in 
analytical electrophoresis at pH 8.6, showing less than 1 per cent Yi-globulin. 
Spreading experiments at the isoelectric point at 0.1 and 0.01 ionic strengths 
yielded symmetrical Gaussian gradients, indicating that the mobility distribu- 
tion may be represented by the Gaussian function. The material showed marked 
reversible electrophoretic spreading, and heterogeneity constants of 0.56 X 10~® 
and 1.3 X 10~® were obtained at 0.10 and 0.01 ionic strengths; respectively. The 



Fio. 5. Apparent diffusion constants during electrophoresis for horse 7 t~globulins 

graph of apparent diffusion constant against time, which was used to calculate 
the heterogeneity constant at 0.01 ionic strength, is given in figure 5. The aver- 
age isoelectric point is about pH 7.5 at the higher salt concentration and pH 7.9 
at the lower concentration. For this protein, as well as for the corresponding 
normal horse 72-globulin, the broad mobility distribution suggests that the aver- 
age properties observed would depend on the conditions of fractionation. Other 

The authors are indebted to Dr. H. F. Deutsch and Dr. J. C, Nichol for this protein 
sample, as well as for the normal horse Tj-globulin reported in the following section. Both 
preparations were obtained by alcohol fractionation methods to be described in a future 
publication. 
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preparations” from the same serum have indeed shown shifts in these average 
properties but still have a Gaussian distribution of mobilities. 

HOBSE 72 -GliOBUUN (nOBMAL) 

At pH 8.6, 0.10 ionic strength, this protein showed less than 1 per cent of 71- 
globulin and no albumin. The electrophoretic spreading curves for this protein 
at pH 7.95 were not as nearly Gaussian in form as those of the hyperimmune 
7rglobulin. For this reason the apparent diffusion constant calculated from the 
half-width at the inflection point and from the height and area are not in good 
agreement, as shovm in figure 5. Also as expected, the plot of I), vs. is is not 
linear but tends to level off with time. In the case of the h3T)erimmune 7*- 
globulin, D* and H* are in good agreement and plot linearly against is, indicating 
that the mobility distribution may be adequately represented by the Gaussian 
function. As a result of the fact that non-Gaussian spreading curves are obtained 
in the case of normal 7*-globulin, it is possible to determine only an approximate 
value for the heterogeneity constant. The average heterogeneity constant cal- 
culated from the initial slope of the two curves was 1 .02 X 10~*. An experiment 
at 0.001 ionic stregth gave a very asymmetric pattern with partially resolved 
peaks. 


HUMAN 72-GL0BU1,IN*^ 

Human 7a-globulin shows a nearly Gaussian distribution of mobilities in 
electrophoresis at 0.1 and 0.01 ionic strengths at its isoelectric point. In order 
to use high electric field strengths so as to minimize the importance of the spread- 
ing caused by diffusion, several experiments have been performed at even lower 
ionic strengths. Low ionic strength coupled with high field strength not only 
allows higher rate of boundary movement but also increases the value of the 
heterogeneity constant, h, as described previously (1, 2). 

Experiments at ionic strengths of 0.003 and 0.001 indicated a broad mobility 
distribution which was non-Gaussian, as indicated by figure 6. Deviations from 
ideality due to the high ratio of protein to buffer salt make quantitative evalua- 
tion of these low ionic strength experiments more difficult; however, they are a 
very sensitive test of heterogeneity. If a protein is perfectly homogeneous and 
exactly at its isoelectric point, there will be no migration and so no electrical 
anomalies to interfere with the test. In the low ionic strength experiments 
reported a reasonable diffusion constant was obtained upon reversal of the cur- 
rent for an equal period. A rough calculation of the heterogeneity constant, h, 
at 0.003 ionic strength gives 0.9-1 .2 X 10'*, which is about the same as the value 

“ Sample 2 in table 8 is one of several fractions studied. Another sharper fraction pre- 
pared and studied by Dr. J. C. Nichol showed a heterogeneity constant of 0.7 X 10~* at 
0.01 ionic strength (personal communication). 

“ The sample of this protein which was prepared by method 4W (6) contained less than 
2 per cent of ^-globulin and vi-globulin and albumin, as judged by electrophoresis at pH 
8.6 and r/2 - 0.10. 
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of h at 0.01 ionic strength. It can be shown from the Debye-Huckel-Henry 
theory that the value of h should be higher at lower ionic strengths (1). How- 
ever, only apart of the protein was soluble at 0.003 ionic strength, the euglobulin 
being precipitated, so that this constant is more characteristic of the pseudo- 
globulin. Although the sharp part of the peak in figure 6 was first believed 
to represent a homogeneous component in human 72 -globulin, it is probably a 
stationary concentration boundary, which, according to Dole’s theory (7), repre- 
sents a dilution of the protein and buffer solution at the site of the initial boundary 



CM. IN CELL 


Fig. 6. Electrophoresis pattern for human 72-globulin at low ionic strength. The 
initial boundary position was at 0.0 cm. Ionic strength =* 0.001; pH « 8.36; = 18 volts/ 

cm.; 7 ' * 34 min. 

by the ratio of the Kohlrausch regulating functions for the buffer and the dialyzed 
protein solution. Since the regulating function, w, is 



where c is equivalent concentration and r is relative mobility, the contribution 
by the protein is large compared to the contribution by the buffer ions at low ionic 
strength. 

Since this electrophoretic anomaly cannot be eliminated even by performing 
the electrophoresis experiment at the average isoelectric point of a heterogeneous 
protein such as human 72 -globulin, it was thought that electrophoresis far enough 
away from the isoelectric point so that the protein peak could be completely 
separated from the 6 - and €-boundaries might yield further information on the 
mobility distribution. On the acid side of the isoelectric point the conductivity 
and pH effects add to each other, causing spreading on the descending side and 
sharpening on the ascending side. This makes it possible to obtain good resolu- 
tion on the descending side, and an experiment at pH 5.5, 14.7 volts cm.,~^ indi- 
cated a mobility range of approximately 2-8 X 10”"^ cm.^ volt'"^ sec.”*^ at 0.01 
ionic strength for human 72 -globulin. 
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HtnMAN 7 i-GL0BTJUN“ 

At 0.10 ionic strength reversible electrophoretic spreading was observed, which 
yielded a heterogeneity constant of 0.26 X 10~‘. This protein contains a large 
amount of eu^obulin, which is not soluble at lower ionic strengths. At 0.01 
ionic strength, where only about one-third of the material was soluble, the 
heterogeneity constant was 0.9 X 10~‘. This would indicate that the pseudo- 
globulin component was considerably more heterogeneous and may have been 
responsible for much of the reversible spreading observed in the experiment at 
0.10 ionic strength. 

ribontjclease” 

It has been previously noted that this crystalline enzyme exhibits some re- 
versible spreading in electrophoresis (2, 19) at 0.055 ionic strength. The schlieren 
I photographs become skewed at the isoelectric point and then become s 3 Tnmetrical 
again upon reversal of the current during electrophoresis. However, the 
apparent diffusion constants calculated by equation 2 are nearly independent of 
time of electrophoresis and equal to the diffusion constant, indicating that 
ribonuclease is essentially homogeneous. An experiment at 0.01 ionic strength, 
where higher electric field strengths may be used, also showed reversible skewing 
of the boundary, so that a heterogeneity constant could not be calculated. 
The isoelectric point shifted to pH 9.45 at this ionic strength, compared to 
pH 7.8 at 0.055 ionic strength (19). The former value is about the same as 
that found for the isoelectric point in 0.03 ionic strength borate buffer (19). 

GELATIN^ 

Electrophoresis at pH 4.75 and 0.01 ionic strength was performed on a sample 
of degraded gelatin (20) having a number-average molecular weight of 17,000 
(from osmotic pressure). Studies on this material have shown the presence 
of a wide range of molecular weights (20). The corresponding range in diffusion 
constants of the components introduces some error (less than 5 per cent for this 
determination) in using equation 1, which is derived assuming the same diffusion 
characteristics for all components. The protein was slightly below its isoelectric 
point but gave a symmetrical ascending boundary yielding a heterogeneity con- 
stant of 0.5 X 10~*. The descending boundary partially resolved into two 
components. The major component, comprising 88 per cent of the whole, 
had a mobility of -fO.24 X 10~‘; the minor component had a mobility of -1-1.86 
X 10"® and merged with the major component upon reversal of the current 
for an equal period of time. Since the native collagen molecule had been split 
into many fragments in the autoclaving process, it is surprising that the protein 
is not even more heterogeneous. By this test of electrochemical nature the 
gelatin compares favorably with the puri6ed protein fractions similarly tested (2) . 

“ The sample of this protein contained approximately 6 per cent of yt- and ^-globulins, 
as judged by electrophoresis at pH 8.6 in r/2 — 0.088 diethylbarbiturate-citrate buffer. 

M Tlie authors are indebted to Dr. M. Kunitz for the crystalline sample of this protein. 

“ This sample of partially hydrolysed gelatin was obtained throu^ the courtesy of Dr. 
J. D. Ferry. 
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PROTEINS WHICH CANNOT BE STUDIED BY ELECTROPHORESIS AT THEIR 

ISOELECTRIC POINTS 

Urease^® is quite insoluble in 0.01 ionic strength buffer at pH 5.0, its isoelectric 
point (21). At pH 7.4, however, it was soluble and the electrophoretic behavior 
was studied in 0.01 ionic strength buffer. The ascending boundary moved as a 
sharp peak with a mobility of —10.2 X 10"® (calculated on the basis of the 
buffer conductivity). No steady state for the ascending peak was reached in 
100 min. However, this could have been due to the fact that the equilibrium 
between electrical sharpening and diffusion is very slow, since urease has a low 
diffusion constant. The system did show reversible spreading in both the ascend- 
ing and the descending limbs of the U-tube. This result could obtain only if the 
material were heterogeneous. The conductivity effect (18) would tend to give 
a low heterogeneity constant from the ascending boundary and a high constant 
from the descending boundary. The true value would probably lie between the 
two extreme results obtained. The heterogeneity constants calculated from the 
two boundaries were 0.32 and 0.53 X 10~®, respectively. At the present time the 
conductivity and pH effects (16) are not well enough understood quantitatively, 
and therefore spreading at pH levels away from the isoelectric point (where these 
effects are minimized) cannot be used to obtain a quantitative measurement of 
the electrophoretic heterogeneity. Here again, the unusual instability of the 
protein makes the results subject to qualification. Special effort was made 
(stirring and large membrane area) to obtain efficient dialysis in order to shorten 
the time the protein was in the dissolved state. 

Pepsin and trypsin undergo autodigestion at their isoelectric points and so 
cannot be tested for reversible electrophoretic spreading. It was thought, how- 
ever, that a qualitative test of their homogeneity could be made by observing 
whether or not steady-state ascending boundaries were obtained in electrophore- 
sis at the pH of their maximum stability. 

The behavior of trypsin^^ was observed at pH 5.08 and ionic strength 0.01. 
The area of the ascending gradient peak became progressively smaller, and 
after 6.5 hr. another component comprising about 7 per cent of the total area 
was resolved. The mobility^® of the minor component was +10.6 X 10“®, com- 
pared to 11.3 X 10”® for the major component. 

Preliminary experiments indicated that crystalline pepsin might be pure enough 
to give a steady-state moving boundary. A long experiment at pH 5.0, using 
a mechanically driven syringe to hold the boundary stationary in the cell, showed 
resolution of a minor component after about 10 hr., during which time the bound- 
ary moved with a mobility of 13.9 X 10”® through about 54 cm. of buffer. The 
total area of the schliei*en diagram decreased continuously and after 20 hr. only 
72 per cent of the original moving gradient remained. This indicates that small 
amounts of components with widely separated mobilities were leaving the bound- 
ary continuously, giving no measurable peak height on the base line. The major 

“ The authors are indebted to Dr. J. B. Sumner for this crystalline enzyme. 

Crystalline pepsin and trypsin were obtained from Armour Laboratories, Chicago, 
Ulinois. 

^ Calculated on the basis of the buffer conductivity. 
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peak moved with a mobility of about —13.9 X lO^* and the minor peak moved 
0.23 X 10^^ mobility units more slowly. 

The steady-state boimdary test, while not quantitative, may be useful in 
many cases where solubility or instability at the isoelectric point would make 
reversible spreading results questionable. Also, no dialysis is necessary provided 
the protein is salt free. Continued decrease in height of an ascending peak with 
constant area would not show conclusively that the material was heterogeneous, 
since the boundary may be approaching a steady state very slowly. However, 
if a boundary is allowed to diffuse enough so that sharpening is evident after the 
current is applied, and then the peak again broadens and becomes shorter with 
further electrophoresis, the protein must be heterogeneous. The progressive 
decrease in area of the gradient peak noted with pepsin and trypsin experiments 
is another qualitative mark of heterogeneity. Considerably more work, both 
theoretical and experimental, is needed for further evaluation of steady-state 
boundaries used for this purpose. However, the method may give a provisional 
answer where no other procedure is applicable. 

DISCUSSION 

None of the samples of purified proteins which have been tested satisfy the 
electrophoretic criteria for homogeneity. It is possible that these proteins may 
have been damaged somewhat by the drying process since all, except urease, were 
in the dry form. If this is true, refractionation or recrystallization should yield 
proteins of lower heterogeneity constant. 

Several limitations of the reversible spreading test for electrophoretic homo- 
geneity have been pointed out. This test is limited to proteins which have a 
solubility of at least 0.3 g. per 100 cc. at their isoelectric points in buffers of O.Ol- 
0.10 ionic strength. Use of buffers of very low ionic strength increases the sensi- 
tivity of the test greatly, but the so-called electrophoretic anomalies become 
important. No quantitative calculation of the degree of heterogeneity may be 
made by the method given, as the electrical effects result in abnormally large 
salt boimdaries and badly skewed schlieren patterns if any electrophoretic migra- 
tion occurs. If a schlieren pattern deviates from true Gaussian form, the hetero- 
geneity constant calculated by using equation 1 is only an approximate measure 
of the degree of homogeneity. More complete knowledge of the laws governing 
electrophoretic migration might make quantitative calculation possible even in 
these non-ideal experiments. A quantitative relation for the rate of spreading 
of a homogeneous protein in the descending electrophoretic pattern cannot be 
readily obtained because of mathematical diflBculties, although the basic theory 
is available (14, 17). 

The more generally applicable steady-state boundary method seems to warrant 
further development. Quantitative interpretation of these boundaries in terms 
of degree of heterogeneity may prove too laborious mathematically to make this 
phase of application worthwhile. As a qualitative test of purity, the method is 
simple and easily interpreted. Either the protein can be made to move as a 
steady-state boundary or it cannot be made to do so. Assuming constant cur- 
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rent during an experiment the following qualitative conclusions can be drawn: 
(i) If a steady-state boundary is established the material is electrophoretically 
homogeneous within certain mobility limits.^® { 2 ) If the ascending boundary 
spreads continuously under all conditions, it must be heterogeneous. (S) If 
after resolution from the salt boundary, the moving protein boundary first sharp- 
ens, then after reaching a maximum becomes more diffuse again, the protein is 
heterogeneous. (The main conalbumin peak showed this behavior.) (4) If the 
boundary does not resolve but the total refractive-index difference (schlieren 
peak area) diminishes continuously, as shown by the behavior of trypsin, the 
protein must be heterogeneous. The case of diminution of area suggests the 
possibility of formulating a semiquantitative description of heterogeneity in 
terms of the fraction of the gradient pattern area disappearing after passing a 
definite amount of current under specified conditions of ionic strength, field 
strength, and protein mobility. Further work will be required to determine the 
optimum conditions of electrophoresis to obtain maximum sensitivity and to 
obtain a steady-state boundary in the minimum time. 

SUMMARY 

Fourteen purified proteins, including seven crystalline proteins, have been 
tested for electrophoretic homogeneity by the reversible spreading or by the 
steady-state moving-boundary methods. None of the preparations used satisfy 
the above criteria, and the heterogeneity constants range from 0.12 X 10'"^ to 
1.3 X 10“^ cm.^ sec.“^ volt.~^ Isoelectric points for a number of the proteins have 
been determined. The isoelectric points of chymotrypsin and chymotrypsinogen 
determined by the moving-boundary method are 2.6 to 4.5 pH units higher than 
those reported by using the microscopic electrophoresis method. 
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INTKODUCTION 

Small amounts of sodium present in commercial silica-alumina catalysts used 
for the cracking of petroleum hydrocarbons have been considered to have an 
adverse effect on the cracking activity of the catalyst. In attempting to obtain 
a quantitative relationship for this effect, it has been customary to determine the 
total sodium content of the catalyst irrespective of whether the sodium might be 
distributed over the internal surface of the catalyst pores or buried in the solid 
phase. Since catalyst activity is a surface phenomenon, it seems reasonable that 
only that portion of the sodium which is on the surface should appreciably affect 
the activity. 

Surface concentrations of sodium have been measured for several silica- 
alumina catalyst samples in order to determine what proportion of the total 
sodium content was on the surface and to learn the changes which may take place 
in the surface concentration during use of the catalyst for the cracking of hydro- 
carbons. Further, since carbon is deposited on the catalyst during the cracking 
process, thereby possibly covering some of the sodium, a brief study of surface 
sodium with respect to carbon deposition has been made. No attempt is made 
within this paper to examine the relationship between cataljrtic activity and the 
presence of sodium in the catalyst. 

EXPERIMENTAL 

Experimentally, the study was quite simple. The amounts of carbon and ex- 
tractable sodium were determined on samples of spent catalyst, regenerated 
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catal 3 r 8 t, and catalyst from which all of the carbon had been removed by careful 
combustion. Surface areas and total sodium contents were also measured, giving 
the following pattern: 

Spent catalyst 

(a) Per cent extractable sodium 

(b) Per cent carbon 

Partially regenerated catalyst (from unit) 

(a) Per cent extractable sodium 

(b) Per cent carbon 

(c) Surface area 

Completely regenerated catalyst (from laboratory furnace) 

(a) Per cent extractable sodium 

(b) Per cent total sodium 

This was repeated for samples taken at intervals during deactivation by use in a 
fluid-bed type pilot plant. The samples and analjrtical methods are more fully 
described below. No data on run conditions have been included, since no 
attempt to relate these to catalyst changes is made herein. It is sufficient to say 
that the catalysts were subjected to operating conditions in ranges ordinarily 
encountered in commercial application. 

CATALYST SAMPLES 

Two forms of silica-alumina (3-A) cracking catalysts for fluid-bed operation 
were studied. One of these was the commercial ground product of American 
Cyanamid and Chemical Corporation (referred to hereafter as “low sodium” 
catalyst), in which the only sodium present was that remaining after washing of 
the hydrogel with distilled water. ’The other was from an experimental batch 
of microspheroidal catalyst prepared by spray drying of a hydrogel furnished by 
the same company, which is of interest in this study not because of its micro- 
spheroidal character but because in this particular batch the greater part of the 
sodium present was introduced by the use of tap water in reslurrying the hydrogel 
for spray drying. This material is referred to hereafter as “high sodium” cata- 
lyst. Samples of each were taken before use and from both the reactor and the 
regenerator at intervals during fluid-bed pilot plant runs made to study rates of 
activity decline. An important point which must be emphasized is the fact that 
no fresh catalyst was added during the runs; thus catalyst samples are relatively 
homogeneous, rather than mixtures of new and old catalyst. 

ANALYTICAL METHODS 

The amount of sodium which could be extracted from the catalyst by strong 
acid in the presence of the existing carbon was quantitatively determined. This 
was accomplished, without removing the carbon, by shaking 5 g. of catalyst with 
SO ml. of concentrated hydrochloric acid for 1 hr., centrifuging, removing exactly 
26 ml. of solution for sodium analysis, adding 25 ml. of fresh acid, and repeating 
the extraction process. Even low concentrations of hydrogen ions are known to 
have a strong displacing effect for surface cations on silica gel (3), zeolites (1), 
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inlays (2), and similar materials. Thus this extraction technique allowed the cal- 
culation of a value closely approximating the desired quantity, and in the case of 
the carbon-free samples the leachable sodium is considered to be equal to the 
entire amount of sodium on the surface of the catalyst. The probable leaching 
of a portion of the surface alumina has been assumed not to affect the results. 
The total sodium which the catalyst contained both on the surface and in the 
mass was determined by dissolving the catalyst sample in hydrofluoric acid and 
sulfuric acid. 

Sodium in the extracts and solutions was determined gravimetrically as sodium 
uranyl zinc acetate hexahydrate, using blank determinations with careful dupli- 
cation of technique to eliminate errors involved in determining the small quanti- 
ties of sodium encountered. For catalysts containing of the order of 0.01 per cent 
by weight of sodium oxide, analyses were reproducible to ±4 per cent of the 
mean, while for catalysts containing of the order of 0.1 per cent by weight of 
sodium oxide, the values were reproducible to ±1 per cent of the mean. In 
order to give a standard basis for interpretation of the sodium contents, all 
sample weights have been corrected to the basis of no carbon and only that mois- 
ture retained on heating at 600®C. for 1 hr. The use of the term “per cent by 
weight of sodium oxide’’ to express the sodium concentration is merely to con- 
form to practice and should not be construed as indicating the form in which the 
sodium is actually present. 

Surface areas were determined by low-temperature nitrogen adsorption, the 
regenerated catalyst being used for reasons not pertinent to this study. The 
effect of carbon on surface area measurements (other than the effect on the weight 
of sample) has not been taken into account, since this is usually quite small. 

High-temperature combustion analyses accurate to dbO.Ol per cent by weight 
on an absolute basis were used to determine the carbon contents of spent and 
regenerated catalyst. In producing the completely regenerated catalyst, the 
carbon was carefully and completely burned off in dry air at 600°C. This tech- 
nique was known (4) not to affect the gel structure or extractability of sodium 
from silica gel, so that it is reasonable to assume no deleterious effect in this case. 

RESULTS AND DISCUSSION 

The results of the determinations described in the previous section are ar- 
ranged in tables 1 and 2, the samples being listed in the order of increasing extent 
of pilot-plant use. Upon examining these tables it is seen immediately that the 
total sodium content of the “high sodium” catalyst is approximately six times 
that of the “low sodium” catalyst, so that the use of tap water in reslurrying the 
hydrogel introduces an appreciable amount of sodium into the catalyst. The 
percentage of the total sodium in each case which is on the catalyst surface is 
approximately 90 per cent for the “high sodium” catalyst and 66 per cent for the 
“low sodium” catalyst. These figures are based on the percentage of the total 
sodium which is extractable from the fresh sample. Thus, in both cases, the 
greater part of the sodium is located on the available interior surface rather than 
buried within the solid phase of the catalyst. 



SODIUM CONTAMINATION ON CRACKING CATALYSTS 


1367 


The use of these catalysts over an extended period in the pilot plant did not 
result in any appreciable change in the total sodium content; notably, there was 
no increase from sodium which is sometimes present in hydrocarbon feed stocks. 
During this period of use, however, there was a definite decline in both the surface 
area and the proportion of the sodium which is on the surface. Comparing the 
decline of these quantities graphically, using the original values as 100 per cent 
as is done in figures 1 and 2, it is seen that for both catalysts the surface area 
decreases somewhat more rapidly than does the amount of sodium on the surface 


TABLE 1 

I'ahulation of results* for *^low soduini” catalyst 


SAMPLE DESIGNATION 

TOTAL Na»0 

EXTRACTABLE 

Na*0 

SURFACE AREA 

CARBON 


per cent by weight 

per cent by weight 

m.^jgram 

per cent by wi 

Fresh. . . 

0.026 

0.0169 

554 

0 

A — Spent . . 1 

0.0140 


1.82 

A— Regenerated j 

0.0137 

435 

1.08 

A — Car bon -free I 

1 

0.0159 


0 

B— Spent ! 

0.0114 


1.00 

B — Regenerated j 

0.0145 

400 

0.25 

B — Carbon -free i 

0.0154 


0 

C — Spent i 

0.0074 

i 

0.85 

C — Regenerated 1 

0 0109 

365 

0.24 

C — Carbon-free 


j 0.0131 


0 

D — Spent 


0.0080 1 


0.83 

D — Regenerated 


0.0115 

341 

0.33 

D— Carbon -free 


0.0138 j 


0 

E—Spent 


0.0105 


0.58 

E — Regenerated 


0.0118 

327 

0.26 

E— -Car bon -free 


0.0132 

i 

1 

0 


* In calculating each of these results, sample weights were corrected for volatile matter, 
using the loss in weight on heating in air at 600®C. for 1 hr., to give a standard basis for 
comparison . 

This leads to a slight increase in the concentration of sodium per square meter of 
surface area as the catalyst is used, a factor which must be taken into account if 
there is to be any quantitative study of sodium as a contaminant in cracking 
reactions. Other surface chemical changes, such as a change in the surface 
alumina concentration, etc., may also take place. 

The extent to which the presence of a carbon deposit interferes 'syith the extrac- 
tion of surface sodium may be learned by examining the data presented in figures 
3 and 4 for the extractable sodium on samples of spent, regenerated, and carbon- 
free catalyst. The effect is most pronounced for the ‘fiow sodium'' samples, for 
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TABLE 2 ^ 

Tabulation of reaulta* for **high oodium** catalpot 


SAMPU DESXOMATIOK 

TOTAL NftiO 

XXiaACTABUC 

NtfO 

8VBIACE ABSA 

CAtBOK 


per c 0 Mt by weiglU 

per cent by wiglU 

■■ ■ 

m,*/grem 

per ee$U by ereig/U 

Fresh 

0.145 

0.1291 

657 

0 

A— Spent 


0.1029 


1.48 

A — Regenerated 


0.1068 

383 

0.59 

A — Carbon-free 


0.1146 


0 

B — Spent : 


0.0889 


1.35 

B — Regenerated 


0.0896 

364 

0.46 

B — Carbon-free 


0.1123 


0 

C — Spent 


0.0984 


1.99 

C— Regenerated 


0.1001 

349 

1.03 

C — Carbon-free 


0.1132 

! 

0 

B— Spent 


0.0944 


0.93 

D— Regenerated 


0.0971 

334 

1 

0.35 

D — Carbon-free 


0.1108 


0 

E — Spent 


0.0856 


1.09 

E— Regenerated 


0.0942 

323 

0.42 

E— Carbon-free 


0.1078 


0 

F— Spent 


0.0912 


1.70 

F— Regenerated 


0.0967 

278 

0.96 

F— Carbon-free 

0.147 

0.1059 


0 


* In calculating each of these results, sample weights were corrected for volatile mattery 
using the loss in weight on heating in air at 600°C. for 1 hr., to give a standard basis for 
comparison. 



Fig. 1. ^‘Low sodium’’ catalyst 
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which linear relationships were observed. It is interesting to calculate the per- 
centage of the surface which is covered by a given amount of carbon (assuming 


■■ 


% ORIGINAL SURFACE AREA 
Fig. 2. “High sodium” catalyst 
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Fig, 3. Decrease in extractability of sodium by carbon deposition: “low sodium’* 
catalyst. 

a close-packed monolayer of carbon atoms) and compare this figure with the 
percentage of surface sodium which is rendered non-extractable by the same 
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amount of carbon. The following equation is used to calculate the surface 
covering power of the carbon: 

Per cent of surface covered by assumed carbon-atom monolayer 

where M is the molecular weight (12.01 for carbon), N is Avogadro’s number, C« 
is the concentration of carbon in grams of carbon per 100 g. of catalyst, S, is the 
specific surface area in square meters per gram of catalyst, and d is the density 



%w CARBON 

Fio. 4. Decrease in extractability of sodium by carbon deposition: “high sodium’* 
catalyst. 

(2.25 g./ml. for graphite). Insertion of the proper values in this equation re- 
duces it to the form: 

Per cent of surface covered = 2.35 X 10* ~ 

S$ 

The given percentage of carbon at which the comparison is made is taken here 
to be 1.00 per cent, the results of the calculation being given in table 3. 

There appears to be suflBcient difference in the behavior of the “low sodium” 
and “high sodium” catalysts with respect to carbon deposition to warrant their 
separate discussion. For the “low sodium” catalyst, the deposition of 1 per cent 
by weight of carbon renders a much larger percentage of the sodium non-extract- 
able than could be accounted for by simple uniform covering of the catal3^st sur- 
face with a monolayer. Assuming that the sodium atoms are rather uniformly 
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distributed over the catalyst surface, the above behavior suggests that either 
(1) carbon has been selectively deposited on sodium sites, or (2) carbon is able 
to block off much more surface (and the sodium present on that surface) than if 
it were in the form of a monolayer of close-packed carbon atoms. This may be 
done by (a) closing of pore mouths with a small deposit or (6) non-penetration 
by the aqueous solution due to non-wetting of the surface, though there is not an 
actual sealing off of the pore or even complete covering of the surface by carbon. 

Assuming the sodium to be distributed non-uniformly leads to a third possible 
explanation: namely, (3) surface sodium may be concentrated on the surface of 
the smaller (or larger) pores of the catalyst and during the cracking reaction 
carbon may be selectively deposited in these pores merely because of their size. 

The selective deposition of carbon on sodium sites would involve a rather large 

TABLE 3 

Comparison of the surface area covered by carbon monolayer and the sodium rendered 
non-extractable by the same amount of carbon 


I AT 1 .00 PLft CENT BY WEIGHT CA&BON 


CATALYST 

Surface covered 
by monolayer 

• 

Sodium on surface 
rendered non- 
ex tractable 


per cent 

per cent 

**Low sodium'^ catalyst: 



Sample A 

5.4 

8.8 

Sample B 

5.9 

26.0 

Sample C . . .... 

6.4 

54.2 

Sample D 

6.9 

50.8 

Sample E ... 

7.2 

' 

35.6 

**High sodium^' catalyst: 



Sample A . . . 

6.1 

12.2 

Sample B 

6.5 

20.6 

Sample C. . 

6.7 

11.7 

Sample D , . . 

7.0 

12.6 

Sample E 

t.3 

20.4 

Sample F 

8.5 

j 8.5 


number of carbon atoms being deposited in the vicinity of each sodium atom. 
Considering the data for sample B, which exhibits an intermediate slope in 
figure 3, it would be necessary to assume approximately 640 carbon atoms de- 
posited in the vicinity of each sodium atom. There is probably sufficient space 
between sodium atoms for this to occur (there being an average of only one 
sodium atom for each 10,000 k} of surface). In this case sodium must exert its 
influence directly on the deposition of carbon at the great distances involved for 
most of the carbon atoms. However, it is still possible that sodium atoms may 
merely initiate carbon deposition, these carbon atoms in turn causing further 
deposition. 

Considering the second explanation, the closing of pore entrances by a small 
deposit of carbon does not seem reasonable, in view of the extremely pronounced 
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effect which 1 per cent o£ carbm would thus be expected to produce in the cnick> 
ing reaction, an effect of the neoeiraary magnitude never b^g observed. Fur- 
thermore, non-wetting is not a satisfactory explanation, because the extractabil- 
ity of the sodium on the “hi^ sodium” catalyst was not greatly decreased by 
carbon ccmtents as hi^ as 2.0 per cent by weight. 

A positive evaluation of the explanations given above cannot be made at the 
present time. Because the covering of sodium by carbon may be very extensive 
in some practical cases, any study of the effect of sodium on cracking activity 
must take into accoimt the amount of carbon deposit present during reaction. 

Inspection of the data for the “high sodium” catalyst in figure 4 and table 3 
leads to the conclusion that the sodium introduced by adding tap water to the 
hydrogel must have assumed a different position on the catalyst surface or a 
different mode of attachment to the surface so that carbon is not selectively de- 
posited on the sodium to any marked degree. At low carbon concentrations 
there does appear to be selectivity, which might be explained by the postulation 
of two kinds of sodium: (1) that originally present in the hydrogel and (S) that 
introduced from the tap water. 


SUMMARY 

Sodium contaminant on commercial silica-alumina cracking catalyst is con- 
sidered to be effective only when present on the surface, the surface sodium con- 
centration being measured by extraction with strong acid. An increase in the 
concentration of sodium per square meter of surface is shown to occur, without 
any increase in total sodium, as the structure changes to one of lower area during 
use. The effect of carbon deposition on the extractability of the surface sodium 
is determined and interpreted in terms of the surface distribution and mode of 
attachment of the sodium to the surface. Both of these effects must be taken 
into account in any quantitative study of sodium as a contaminant. 
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As a substance containing colloidal matter, clay has been studied for more than 
fifty years. At first the studies followed the Thomas Graham supposition that 
colloidal particles must, necessarily, be of an amorphous nature. Up until the 
last twenty years this was generally thought to be correct, and experimenters 
sought to explain all properties of clay on the basis of variations in chemical 
composition and states of aggregation. 

Early in the 1920’s, however, it was shown that the clay particle was crystal- 
line (6, 27). Since that time the crystalline nature of the clay minerals has been 
demonstrated by many investigators (3, 5, 7, 8, 9, 12, 13, 14, 19, 20, 21). The 
x-ray studies were followed by those made with the electron microscope (1, 7, 8, 
17, 21, 22) and the shapes of the clay minerals were also ascertained. Differ- 
ential thermal analysis techniques (23, 28) produced distinctive curves for in- 
dividual clay minerals and the use of the supercentrifuge (10, 11) provided better 
samplings of material for study. 

The study presented in this paper began ’with twelve California clays tested 
for dye adsorption in an effort to check colloid content. It was found that 
results obtained by the dye-adsorption method did not check the colloid content 
as determined by other means. Experimentation was continued in an effort to 
ascertain what correlation did exist between colloid content and the various 
properties attributed to its presence. The literature of the time abounded in 
claims that the colloid content of clays could be measured by the adsorption of 
dyes, w:ater, or ammonia; also by studies of base exchange, shrinkage, heat of 
wetting, plasticity, Brownian movement, and by use of the hydrometer. Gen- 
erally the conclusions had been reached after studies on similar clays and after 
relatively few tests. This investigation was made over a period of some ten 
years, using several different types of clay and a number of tests. * 

SELECTION AND PREPARATION OP SAMPLES 

Three California pottery and stoneware clays and twelve New Mexico clays 
of various types w^ere used. The samples included kaolins, pottery clay, ball 
clay, and adobe of several types. Clays were soaked in water and pugged by 
hand. The thin slips obtained were poured through a 100-mesh sieve to remove 
larger fragments. The slips were settled out with small additions of hydro- 
chloric acid. The settled clays were dried and ground for use. Since these 
fifteen samples will be referred to a number of times in the following pages they 
will be described briefly. An identification letter will also be given each sample. 

(A) San Ildefomo: Chocolate-colored adobe from the Indian village of San 
Rdefonso 30 miles ncrth of Santa Fe, New Mexico; clay much used in native 
pottery making; contains considerable calcium carbonate. 
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(B) Kinney brick: Gray-brown adobe from flood plain of the Rio Grande a few 
miles south of Albuquerque, New Mexico; contains considerable sand and cal- 
cium carbonate. 

(C) Tonqm red adobe: Rapidly settling red adobe formed from upland disin- 
tegration rather than stream deposition; location 35 miles north of Albuquerque; 
sample contains some calcium carbonate. 

{D) Tongue green shale: Shale of Cretaceous age found near sample C; con- 
siderable sand and some selenite crystals. 

(E) Carthage-1: Dark blue clay taken from above coal beds at the mining 
camp of Carthage 20 miles southeast of Socorro, New Mexico; dense, fine, plastic 
ball clay; no calcium carbonate. 

(F) Los Vega^ brick: Gray-green brittle shale 2 miles south of Las Vegas, New 
Mexico; some sand and calcium carbonate; used for making fine, dark red face 
brick. 

(<?) GaUup fire clay: Dark gray clay found adjacent to coal beds near Gallup, 
New Mexico; no calcium carbonate; the State’s most important source of fire 
brick. 

(H) Organ Mountain Kaolin: From the Torpedo mine 15 miles east of Las 
Cruces, New Mexico; derived from acid sulfate action on feldspar and serecite; 
white kaolin is stained in places by specks of stubelite, a copper-manganese 
silicate. 

(I) Carthage-2: A variegated purple clay from a thick stratum above the coal 
beds at Carthage, New Mexico; a plastic, sticky, fine-grained ball clay ; no calcium 
carbonate. 

{J) San Antonio tile: Bright red, sticky clay used in making roofing tile 10 
miles south of Socorro, New Mexico; a valley adobe, but very fine and plastic for 
such a clay; contains about 8 per cent calcium carbonate. 

(K) Santa Clara pottery: Near Indian village of Santa Clara, 8 miles east of 
Los Alamos, New Mexico; dense brown ball clay, sticky and plastic; no calcium 
carbonate; State’s most famous Indian pottery made of this clay. 

(L) AJJberhill: Very fine gray stoneware clay from near Riverside, California; 
no calcium carbonate. 

(M) Cola or Lincoln: From near Lake Tahoe, California; light cream colored 
with pronounced soapy feeling; plastic and sticky; made into high-grade re- 
fractory stoneware. 

(N) S. H. 4: Sample from near Riverside, California, where it is associated 
with a bed of lignite coal; dense, fine-grained blue clay streaked with organic 
matter; classed as a ball clay. 

(O) La Bajada: Bright red plastic clay found in pockets beneath beds of vol- 
canic ash 20 miles southwest of Santa Fe; used for pottery by Santo Domingo 
Indians; no calcium carbonate. 


EXPERIMENTAL 

The fifteen clays were subjected to a number of tests which were most un- 
productive of correlation with their colloid content. Such determinations were: 
(1) pH determination, {2) chemical analysis, (S) thixotropy, (4) Liesegang phe- 
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nomenon, (5) plasticity, (6) base exchange, (7) electrophoresis, (S) Brownian 
movement, (9) sedimentation, and (10) physical properties before and after firing. 
Since these tests showed only the most general qualitative correlations, they will 
be omitted from consideration here. The tests included in this paper will be: 
(11) colloid content determination by extraction of total solids, (12) adsorption 
of dyes, water, and ammonia, and (tS) heat of whetting. 

Colloid content by extraction of solids 

As a check on colloid content it is desirable to have a standard in which all 
the colloid matter is extracted and w^eighed. In indirect methods the experi- 
menter is always faced with the possibility that he may have overlooked some 
of the colloid material. Even if he employs a method in w^hich all the material 
is extracted and weighed he may still be in doubt, as some of the material left 
by the extraction may contain material showing colloid properties by virtue of 
its cellular lattice stmeture if not by its particle size. Even so, some start must 
be made for a standard and an arbitrary method had to be used. 

Some twenty years ago Hilgard (15) arbitrarily classified as colloidal those 
particles which failed to settle out from an 8-in. water column in 24 hr. In some- 
what modified form this classification has been used in more recent times (1, 3, 
20). To secure possible standards for comparison four separate types of determi- 
nations were made as follows: (1) Determination of matter in suspension 24 hr. 
by means of the pipet method; (2) material in suspension 3 hr. by the pipet 
method; (3) material in suspension after 24 hr. by the percolator method; and 
(4) a 15-day extraction of colloid material. 

In the pipet methods the clay was churned with water containing a few drops 
of ammonium hydroxide as a dispersing agent (1, 20). The sols w^ere allowed 
to settle for the desired times, a sample was withdrawn by pipet, and the colloid 
content was determined by evaporation and weighing. In the percolator method 
the sols were allowed to settle for 24 hr.; then the entire supernatant liquid was 
drawn off and evaporated to dryness, and the residue was weighed. In the 15- 
day extraction the supernatant liquids were decanted from the residues fifteen 
successive times after as many churnings and settlings. The 15-day residue was 
then dried and weighed and the colloid content was determined by the difference 
from the original weight of the sample. 

Samples of clays were churned with w^eighed amounts of dye and centrifuged 
samples were determined colorimetrically. Tests were made on raw clay, on 
clay treated with sodium oxalate, and on the non-colloid residue left from the 
15-day extractions. Clay samples w^ere exposed to saturated water vapor for 7 
days and the adsorption was determined by weighing. Similar samples were 
exposed to anhydrous ammonia vapor for 24 hr., and the adsorbed ammonia was 
then driven off by heat and determined by titration. 

The heat of wetting was determined in a Dewar-flask calorimeter and calcu- 
lated in calories per gram of clay used. 

RESULTS AND THEIR INTERPRETATION 

In table 1 there is a presentation of data showing the per cent of material re- 
maining in suspension as determined by the pipet methods, the percolator ex- 
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tractioa, and the 15^y extracticm methods. Owing to Btcatifioation in the sols 
the pipet extractions are not' judged to be accurate determinations ci the ma- 
terial remaining in suspension. The percolator method, while superior to the 
pipet method, is also open to errors owing to the fact that larger particles settle 


TABLE 1 

Data on extractions by fhe total solids method 


NAIIS or CLAY 

LXTXBK 

1* 

2 

3 

4 

San Bdefonso 

A 

' 1 

P€rctnt 

0.9 

pit cent 

6.4 

per cent 

2.0 

ptf c€nt 

0.5 

Kinney brick 

B 

2.1 

6.5 

5.6 

1.5 

Tonque red adobe 

C 

3.9 

8.2 

7.0 

2.2 

Carthage -1 

D 

4.3 

9.1 

10.7 

2.7 

Tonque green shale 

E 

4.6 

12.0 

7.7 

2.4 

Las Vegas brick 

F 

4.8 

13.3 

13.4 

2.2 

Gallup fire clay 

G 

5.8 

15.1 

26.7 

4.4 

Organ Mountain kaolin . . 

H 

7.0 

17.3 

15.3 

6.1 

Carthage-2 

I 

11.1 

1 23.0 

I 18.0 

7.9 

San Antonio tile 

J 

2.7 

23.3 

6.7 

3.3 

Santa Clara pottery 

K 

6.9 

24.9 

6.3 

3.5 

Alberhill 

L 

20.1 

27.7 

30.6 

18.2 

Cala 

M 

16.5 

28.1 

31.7 

1 11.8 

S.H.4 

N 

14.2 

29.5 

30.0 

13.1 

La Bajada 

0 

k 

L 7.9 

35.5 

35.8 

7.7 


* 1. Twenty-four-fifeur extraction ||f the percolator. 
2. Fifteen-day extraction ^ to be tScm as standard. 

8. Three-hour suspension by pipet method. 

4. Twenty-four-hour suspension by pipet method. 


40 % 



ABCOEFOHIJKLMNO 

Fio. 1. Standards by extraction 


out and carry down considerable adsorbed colloidal material. The 15-day ex- 
tractions seem to be the most accurate as a real determination of colloidal ma- 
terial^ in so far as this can be done by a sedimentation means. In iJie graphical 
representations which are to foUow, this IB-^ay extraction is always presented as a 




COLLOID PROPERTIES OF SOME WESTERN CLAYS 


1377 


heavy black line on the graphs. It is considered the standard and all other findings 
are compared with it. 

Figure 1 presents data on 15-day extractions, the standard, and the percolator 
method. Rgure 2 shows the 24-hr. and the 3-hr. pipet extractions compared 
with the standards of figure 1. In all cases the clays are arranged in ascending 
order of colloid content, as determined by the standard 15-day extractions. 

In figure 1 we note that the colloid matter extracted by the percolator method 
does not rise in the same ascending order as does the standard, — ^the 15-day 
extraction. Clay J in particular shows a big lag, while the highly colloidal clay 
O shows a lower percolator value than four other clays, all of lower colloid con- 
tent. Actually these two clays offer the key to the situation. Most of the clays 
after 5 days of extraction furnished very little additional suspended material for 
a new extraction. In clays J and O, however, turbidity was not lost until after 
ten or more successive extractions. Evidently these two clays contain many 



mineral grains which can be readilyJproken up By ^nter molecules. Also it is 
evident that these two clays did h^e considerable colloid material which was 
adsorbed to larger particles and taken t6 the bottom on the first few extractions. 

In figure 2 we find cases where the conflicts are even more apparent. The 
24-hr. pipet extraction— a method still in use in some laboratories— does not 
parallel the standard. Clay K, a highly colloidal and very plastic clay, joins 0 
and J as extreme exceptions. The 3-hr. extraction started out to conform in a 
better way, but again J and K are excessive lows and clay G comes in with an 
excessively high value, clearly out of place on the graph. 

The inference is of course clear. The pipet method does not show up as an 
accurate method of determining the colloid content of these clays. Stratification, 
currents caused by withdrawal of liquid, adsorption of colloid particles against 
particles too heavy for them to float, and the fact that certain clay minerals can 
be more easily broken up by water, all cause this method to produce large errors. 
If a carefully selected group of clays were used, the pipet method would probably 
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give results which were acceptable* For instance, if the J, K, L, and 0 samples 
were left out, the 24-hr. pipet extraction would be roughly in accord with our 
standard. 


TABLE 2 

Data on adsorption of dyes, water, and ammonia 


CLAY 

1* 

2 

3 

4 

5 

6 

A 

60 

6.7 

198 

92 

5.5 

9.7 

B 

88 

1.0 

240 

280 

8.4 

6.2 

c 

62 

2.7 

122 

225 

5.8 

9.0 

D 

76 

1.0 

140 

142 

7.7 

4.4 

E 

53 

4.1 

272 

230 

4.5 

6.6 

F 

74 

1.7 

295 

307 

6.8 

7.4 

G 

48 

3.8 

96 

99 

5.6 

6.3 

H 

90 

1.5 

168 

112 

10.6 

5.9 

I 

98 

2.6 

168 

123 

9.3 

7.7 

J 

86 

1.2 

290 

292 

9.3 

4.9 

K 

145 

1.1 

338 

183 

16.1 

18.9 

L 

45 

2.8 

81 

143 

7.4 

2.9 

M 

46 

2.9 

92 

107 

7.6 

2.1 

N 

56 

2.3 

176 

135 

7.9 

4.6 

0 

117 

3.8 

250 

166 

11.9 

9.8 






♦ 1. Methylene blue in miligrams per gram of clay. 

2. Colloid ratio for methylene blue. 

3. Malachite green per gram of clay first treated with sodium oxalate to precipitate 

calcium. 

4. Malachite green in milligrams per gram of raw clay. 

6. Water vapor in per cent of weight of the clay sample. 

6. Ammonia in milligrams per gram of clay. 


400 






METHYUIWI ILUC 




jfid 



ICO 
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Fia. 3. Adsorption of methylene blue 


The data for the adsorption of dyes, water, and anunonia appear in table 2, 
together with the colloid ratio worked out from the tests tvith methyleni blue. 

The adsorption of methylene blue is listed in column 1 of table 2 and presented 
graphically in figure 3. Originally Paneth (25) concluded that the amount of 
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adsorbed dye was never more than enough to form a monomolecular layer on the 
colloid surfaces. Some elaborate rules were worked out on this basis. Accord- 
ing to such calculations no clay used in this study should adsorb more than 6 
mg. of dye per gram of clay. However, it was found that even the clay with 
the least colloid matter adsorbed more than ten times this amount. Pallman 
(24) has presented diagrams to explain how clays can adsorb more than one 
layer of molecules, while Jewett (18) has suggested layers to the extent of six- 
teen molecules thick. It is also known that certain clay minerals readily act in 
base-exchange fashion to take up suitable ions. Since water-soluble dyes are 
electrolytes in water solution, it is not surprising that there should be variations 
due to factors other than the state of aggregation of the clay particles (2). 

In figure 3 it is noted that there is no constant increase in dye adsorption from 
left to right. Clays L, M, and N are low in adsorption though high in colloid 
matter. Low-colloid clay B is a high dye adsorber, and sample K has a dye 

TABLE 3 


Data for methylene blue colloid ratio 


CLAY 

1* 

2 

3 

CLAY 

1* 

2 

3 

A 

278 

42 

6.7 

I 

154 

59 

2.6 

B 

89 

88 

1.0 

J 

97 

83 

1.2 

C 

154 

57 

2,7 

K 

158 

143 

1.1 

D 

76 

76 

1.0 

L 

85 ! 

30 

2.8 

E 

139 

34 

4.1 

M 

89 

30 

2.9 

F 

116 

67 

1,7 

N. . . 

95 

40 

2.3 

G 

128 

34 

3.8 

0 

369 ! 

97 

3.8 

H 

134 

82 

1,5 






* 1. Methylene blue in milligrams adsorbed per gram of colloid material. 

2. Methylene blue in milligrams adsorbed per gram of residue left after 15 days’ ex- 

traction of colloid material. 

3. Colloid ratio » column 1 /column 2. 

adsorption roughly equal to the sum of the adsorptions by the next three clays 
which follow it. 

The colloid ratio as shown in tables 2 and 3 is also of interest. Here we have 
ratios varying from 1.0 to 6.7. For instance, in clay A the colloid matter is 
credited with adsorbing 6.7 times as much dye, gram for gram, as did the residue 
after the 15-day extraction. In clays B, D, H, J, and K the residues left after 
the 15-day extractions proved themselves to be practically as good adsorbers as 
the colloid material which had been removed. In the light of present infor- 
mation on the lattice structure of clay minerals it can be assumed that many par- 
ticles heavy enough to settle out quickly have a cellular structure capable of 
adsorbing dye readily. It is also reasonable to conclude that certain extracted 
colloid fractions may be more potent as adsorbers than some other fraction 
extracted in the same manner from some other clay. The writer has obtained 
colloidal material from clay with as low an adsorption as 64 mg. of dye per gram 
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ci extracted material. With colloidal material from other clays he has obtaiofid 
results almost sixty times as hifd^. 

The adsorption of malachite geem confirms the conclusions reached in the ex* 
periments 'with methylene blue. Figure 4 sho'ws the malachite gre^ adsorptimi 
compared with the standard. Once more we find clays K, L, and M as lows in 
the adsorption column though hi^ in colloid material. Samples B, C, E, and 



Fio. 4. Adsorption of malachite green 
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Fio. 5 . Adsorption of water and ammonia 


F also are far out of position. Actually the graph would be sli^tly more in 
keeping 'with the extraction standards if it were placed in complete reverse. 

I^owing that clays B, C, E, and J were high in calcium salts, the experimenter 
mi^t conclude that these salts were in part responsible for the high dye adsorp- 
tion. To test this the samples were re-run after being treated with sodium 
oxalate to precipitate calcium. In seven cases (B, C, F, G, J, L, and M) it was 
found that the oxalate treatment did lessen the dye adsorption, yet ooly three 
of these clays had any appreciable calcium content. In sample J, which was 
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hi^iest io calcium content, the treated and untreated samples showed almost 
exactly the same dye adsorption. In seven of the samples the addition of sodium 
oxalate produced a greater dye adsorption rather than a lesser one. The con- 
clusions must necessarily be that the clays are highly selective in their adsorp- 
tion and that this selectivity is not especially related to their calcium content 
and not even greatly related to their colloid content. 

The adsorption of water and ammonia appears in table 2 and in figure 5. 
Anomalies are the rule rather than the exception, and we must conclude that the 
adsorption of these materials is at best only a qualitative measure of any 
colloid content. Heat of wetting has been listed as a property related to the 
colloid content of a clay and numerous experiments have bwn made on it (26). 
Figure 6 gives the results obtained here, indicating that this is no more satis- 
factory as a measure than the adsorptions previously tried. 

I 

MEAT OF WETTING 


4.0 4.0 
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Fiq. 6. Heat of wetting 


CONCLUSIONS 

An evaluation of methods of determining colloid content — such as the use of 
hydrometers, viscosimeters, the adsorption of various substances, base exchange, 
heat of wetting, plasticity, sedimentation, ion migration, and so forth — ^lead to 
the inevitable conclusion that such methods are qualitative rather than quanti- 
tative. The clay particles are evidently highly selective in their nature, and each 
clay must be studied individually. The properties of adsorption are more de- 
pendent on molecular arrangement in crystalline particles than on size of aggre- 
gation. Some clay minerals are easily broken up by water, going into a state of 
aggregation in which a large per cent of the particles can be recovered by various 
sedimentation and extraction means. Other clay minerals cannot be easily 
broken down into small particles which can be so recovered. Sedimentation and 
extraction methods will all list these clays as low in colloid content and yet, 
owing to their cellular structure, the material judged as non-coUoidal may ex- 
hibit many of the properties usually assigned to a colloidal material. Multiple 
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extractions of colloid material, such as the 15-day method used here as a standard, 
are judged to be superior to shorter methods for determining standards for com- 
parison, though still leaving behind material which exhibits colloidal properties; 
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INTRODUCTION 

Thixotropy in lubricating greases is of importance to industry from several 
standpoints; hence, any explanation of the phenomenon should permit the pro- 
duction of more satisfactory commercial products. Thus if, after packaging, a 
lubricating grease increases in consistency the point may be reached where it will 
not flow to pumping equipment even under suction. This may be a nuisance, 
and therefore too great a degree of thixotropy is detrimental. On the other 
hand, a slight softening may aid in lubrication in some cases and if, after the 
lubricating grease is forced from the area of service it regains part of its body, 
it will act as a seal and prevent entrance of dirt or discharge of excessive lubricant. 

If the definition “change by touch’’ is accepted for the term “thixotropy,” 
there should be no question that lubricating greases possess this property, since 
most of them have a structure which when partially broken down rebuilds it- 
self to some extent. Klemgard (6) states that all lubricating greases are more 
or less thixotropic. 

EXPERIMENTAL PROCEDURE 

Since most of these systems are plastic products of relatively high soap con- 
tent, rather violent shearing action is required to produce a change in consistency. 
Lutz and coworkers (8) demonstrated this quality on a rotary viscosimeter. 
In the present work some trials were made with this method, but in the products 
examined too much channeling was encountered to permit its use. Consider- 
ation was also given to the method used by Pigott (9), where viscosity was meas- 
ured after repeated shearing. Ease of manipulation led to the use of 
the A.S.T.M. standard apparatus and procedure called for in determining the 
penetration of lubricating greases according to A.S.T.M. Method D217-47 T. 
Penetrations taken at intervals after shearing has ceased were then 
plotted against time intervals. 

PRODUCTS EXAMINED 

The samples tested were all commercial products representing those manu- 
factured by several firms. Notation of the general composition is showm on the 
curve sheets. Lubricating greases made from as great a variety of metal soaps 
as possible were tested in order to arrive at some conclusion as to the effect of 
soap cations. The products were then grouped so that a comparison of lubri- 
cating greases made from different soaps could be observed. The soap percent- 
ages and oil viscosities were similar in value in each group. Furthermore, it was 
usually possible to include lubricating greases with soaps of the same cation, 
made in one case from fat so that glycerol was present, and in another case from 
fatty acids. 
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BXPBRUIENTAL BEStmiB 

Figure 1 shows the change in penetration alter shearing ceased for a series of 
soaps dispersed in miiteral oil of comparatively low viscointy. The lapsed time 
in all cases was 70 min. The lubricating grease containing lithium soap, as well 
as a smooth type of sodium soap lubricating grease, changed little in conSstency 
during this period. A fibrous type of sodium soap lubricating grease showed 
some increase in penetration, but not as much as the calcium and alununum 



Fio. 1. Change in penetration after shearing ceased for soaps dispersed in mineral oil 

Curve 1 : 10 per cent lithium soap of fatty acids-oil 50 vis at 100®C. 

Curve 2: 9 per cent sodium soap of glycerides-oil 300 vis at 100®C. 

Curve 3: 6 per cent sodium soap of fatty acids-oil 300 vis at 100°C. 

Curve 4: 10 per cent calcium soap of glycerides-oil 300 vis at 100*C. 

Curve 6: 11 per cent aluminum soap of fatty acids-oil 300 vis at 100®C. 

Curve 6: 18 per cent strontium soap complex-oil 100 vie at lOO'C. 

Curve 7 : 18 per cent barium soap basic-oil 600 vis at 100®C. 

soap lubricating greases. The lubricating greases made from barium and 
strontium soaps showed a very abrupt increase in consistency during the first 
10 min., after which the change was in line with the performance of calcium and 
aluminum base lubricating greases. 

In figure 2 a series of lubricating greases containing oils of somewhat hi gW 
viscosity diowed much the same results. That is, the lithium and sodium soap 
products diowed little increase in penetration over a period of 70 min., whereas 
the calcium and aluminum base products showed somewhat greater 
Baedc barium and strontium lubricating greases became much lower in pene- 
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traticm, particularly the latter. On the other hand, a complex barium soap 
lubricating grease showed practically no change in penetration. 

In figure 3 some of the same characteristics are confirmed and a couple of 
special products are included. Two calcium soap lubricating greases, one with 
less than a third as much soap as the other and with no glycerol, the other of a 
lower penetration than any product so far tested, showed about the same general 
increase in penetration. 



MINUTES 

Fio. 2.*^Change in penetration after shearing for soaps dispersed in oils of higher vis- 
cosity than in figure 1. 

Curve 1: 14 per cent lithium soap of fatty acids-oil 650 vis at 100®C. 

Curve 2: 16 per cent sodium soap of glycerides-oil 600 vis at 100®C. 

Curve 3; 14 per cent calcium soap of glycerides-oil 600 vis at 100®C. 

Curve 4: 10 per cent aluminum soap of fatty acids-oil 100 vis at 210®C. 

Curve 6: 25 per cent barium soap basic-oil 600 vis at 100®C. 

Curve 6: 20 per cent strontium soap basic-oil 150 vis at 210®C. 

Curve 7 : 20 per cent barium soap complex-oil 500 vis at 100 ®C. 

Another calcium base lubricating grease is of particular interest. This is what 
is known as axle grease, and is made by the saponification of rosin oil with a large 
excess of hydrated lime. In this lubricating grease the change in penetration was 
more abrupt after working ceased than in any other product tested. Further 
comment will be made relative to this later. 

One soap-mineral oil mixture is also included which does not strictly fall in a 
lubricating grease classification. Lead stearate and mineral oil were mixed and 
heated, and then left undisturbed to cool. A definite mixture of crystals in oil 
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resulted which was firm enough so iJiat it would not move if tilted. After this 
mixture had been worked to a slurry which would pour readily, it did not return 
to a semisolid state within 70 min.; in 24 hr., however, it showed a definite pin 
in consistency. 

In addition to rapid change in penetration, as shown above, one must conrader 
what recovery in penetration occurs over a prolonged period. Therefore, this 
change has been tabulated over a period of 15 days (table 1). Some checks were 



MINUTES 

Fig. 3. Change in penetration after shearing for special soap~oii dispersions 
Curve 1: 6 per cent calcium soap of fatty acids-oil 110 vis at 210®C. 

Curve 2; 6 per cent aluminum soap of fatty acids-oil 70 vis at 210®C. 

Curve 3: 11 per cent calcium soap of rosin oil-oil 50 vis at 210®C. 

Curve 4: 20 per cent calcium soap of glycerides-oil 300 vis at 100®C. 

Curve 5; 18 per cent barium soap basic-oil 500 vis at 100®C 
Curve 6: 12.5 per cent lead stearate-oil 100 vis at 100®C. 

made after longer standing, but no further change was noted in these particular 
samples. 


STRUCTURE SPECULATIONS 

Any conclusions or speculations as to what happens when lubricating greases 
are subjected to shear and then left undisturbed hinges upon what gives structural 
stability to the systems. Viscosity changes in colloidal systems can generally 
be attributed to (a) a change in the shape of the micelles, (6) a change in the 
relative volume of the disperse phase with respect to the dispersion medium, 
(c) a change in absorbed layers on the micelles, or (d) a change in the forces or 
bonds which contribute to structure. 
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Since most lubricating greases soften without violent shearing action, it does 
not seem reasonable that the shapes of the micelles have been changed by such 
action; nor do we have any evidence that the relative volume of the disperse 
phase has changed or that the absorbed layer has changed, since the systems 
revert to about the same consistency with time. Perhaps the most simple ex- 
planation is that the soap micelles are longer than they are broad, and that they 
can be oriented, owing to shear, giving a less firm body to the ssrstem. Recovery 
of body then would be due to return to random arrangement with time. Ex- 


TABLE 1 


SOAP 



PEMETSATIONS 


Type 

• 

Per cent 

Initial worked 

15 days later 
undisturbed 

Change 

Sodium glycerides 

16 

265 

243 

pw cent 

7.8 

Sodium glycerides 

9 

351 

325 

7.8 

Sodium fatty acids 

6 

307 

275 

10.4 

Lithium fatty acids — 

14 

238 

202 

15.1 

Lithium fatty acids 

10 

302 

247 

18.2 

Calcium glycerides 

20 

188 

160 

14.9 

Calcium glycerides 

14 

238 

200 

15.9 

Calcium glycerides 

10 

309 

260 

15.8 

Calcium fatty acids 

6 

343 

317 

7.6 

Barium glycerides (basic i 





soap) 

25 

309 

231 

25.2 

Barium glycerides (basic 
soap) 

18 

320 

250 

21.9 

Barium fatty acids (com- 
plex soap) . . . — 

20 

270 

262 

3.0 

Strontium basic 

20 

282 

152 

46.1 

Strontium complex 

18 

280 

235 

16.1 

Aluminum fatty acids 

11 

325 

255 

1 21.5 

Aluminum fatty acids 

10 

330 

243 

26.4 

Aluminum fatty acids 

6 

350 

260 

j 27.1 


amination of worked and unworked lubricating greases with polarized 
light showed a change in the intensity of light transmitted and therefore gave 
some basis for the above explanation. 

Gallay and coworkers (4) showed that a shearing force brings about parallel- 
ization of fibers in a lubricating grease system. Arveson (1) su^ested that lime 
soap lubricating greases consist of “interlacing flexible solid members which may 
be themselves deformed or merely separated by the shearing action.” He ex- 
plained the immediate return to consistency from the highly sheared state by 
elastic recoil. 
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Lawrence (7) does not connder this explanaticm complete. He states that 
“interlacing confers no rigidity on the system unless th^ is adhesicm at tiie 
pdnts of contact. Woilcing consists of breaking lumps of gel into a homogeneous 
mixture. Shearing then progressively breaks down the adhesion of the crystal- 
lites. On removal of the shearing force, adhesion occurs immediately at the 
points of contact by van der Waals forces.” This agrees with the idea which 
Smith (11) has recently advanced that the thickening agmt in a stable lubri- 
cating grease is not so much the fibers as the colloidal jelly or liquid crystal 
structures. 

A further ob^rvation of Gallay and coworkers (4) is of interest here. They 
concluded that fibers in a lubricating grease structure are more plastic than 
elastic and that the apparent elasticity may be due to the surface tension of oil. 
They continue: “Mexibility, as contrasted with elasticity, is easily attained in a 
system of this kind as a result of the freedom of motion of the oriented fibrils 
with respect to one another.” 

IHiddington (10) states that exposing soap-oil dispersions to conditions of 
shear at ordinary temperatures causes a breakdown in the crystals with a conse- 
quent shortening in the microfiber length. 

While we are considering the possible effect of fiber structure on the thixo- 
tropic characteristics of lubricating greases, we must consider the electron micro- 
graph of soap fibers from calcium base lubricating grease obtained by Ellis (2). 
Such a micrograph shows the fibers to be in the form of a two-stranded rope, 
which may twist on working and later spring back. 

The length of fibers in lubricating greases might be considered in comparison 
with the relative thixotropy. Farrington and Davis (3) found that soda base 
lubricating greases had the longest fibers of those examined and that calcium 
and aluminum base lubricating greases had microfibers. The results of our work 
show that the former is less thixotropic than the latter and also that a smooth 
type of soda base lubricating grease has approximately the same thixotropic 
qualities as the fibrous type. Thus, it seems reasonable that the fibers present 
in soap-mineral oil systems are not the primary cause for thixotropy. 

Gallay and Puddington (5), in considering the state of dispersion of calcium 
stearate in mineral oils, state that since this compound is heteropolar the forces 
holding the molecule in the lattice must consist of two types: viz,, (1) strong 
polar bonds between calcium carboxylic groupings and (8) weaker van der Waals 
forces along the length of the hydrocarbon chains. Van Wazer and Carver (12) 
mads an extended study of an aluminum soap dissolved in gasoline and con- 
cluded that there was a cross-bonded structure which was partially destroyed 
under ^ear. 

It may be that this bonding is due to the attraction of the unshared electroiu 
from the oxygen, chiefly the carbonyl oxygen, by the metal of other molecules. 
This thought is illustrated in the case of a calcium soap lubricating grease in 
figure 4, which shows how a lattice structure might be built up. The results 
obUuned over an extended period (see table 1) confirm what mi^t be eiqrected 
from ^ attraction of electrons. Thus, the elements in which the valence shell 
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is least temcnred from the positive nucleus should, mole for mole, be the most 
thixotroinc in a particular group of the Periodic Table. It is seen that the lighter 
lithium soap does show a greater degree of thixotropy than sodium soaps. Since 
the basic barium and strontium soaps contain about twice the proportion of base 
as normal soap does, the calcium soap shows a greater degree of thixotropy per 
mole of metal than the barium soap, a result which would be expected. Why 
strontium does not conform to this behavior is not evident. 

The case of calcium base grease made from rosin oil requires comment. The 
predominant acids in this material are isomerized abietic. Such an acid has four 
rings, and the spatial arrangement may be such that these rings are not all in 
the same plane. Shear may place more rings in one plane than before such 
treatment, but the rings may spring back quite rapidly and hence give an abrupt 
change in penetration after working. 


:0 

R:C:0:Ca:0:C:R 

:0 :0 : 0 : 

R:C:0:Ca:0:C:R 

t- 

:0 :0 

• « # • 

R:C:0:Ca:0:C:R 
:0 :0 
R:C:0:Ca:0:C:R 

Fig. 4. Possible lattice structure of a calcium soap lubricating grease 


CONCLUSIONS 

Soap~mineral oil systems containing soaps of monovalent metals are less 
thixotropic over a period of 70 min. than are such systems containing soaps of 
di- and tri-valent metals, the latter showing the greatest degree of thixotropy 
for short periods. Systems containing soaps of the metal of lowest atomic weight 
in a series are more thixotropic over an extended period than are systems con- 
taining heavier metals of the same series. 
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INTRODUCTION 

The studies here described were carried out in connection with a program which 
required the characterization with respect to molecular weight of nitrocellulose 
fractions available only in small quantities. A diffusion method has been de- 
veloped which offers the advantages of simplicity of construction and operation 
of the apparatus and interpretation of results. Although diffusion is less sensi- 
tive to molecular weight than viscosity, the method submitted appears to be 
simpler for use on a milligram scale and to afford sufficient precision for many 
requirements. 

The diffusion method reported herein differs from other diffusion methods in 
that the liquid medium is held fixed in position by a matrix of fine-grained fila- 
mentous material; more specifically, in these experiments the matrix was com- 
posed of a pad of filter papers. This feature effectively dampens out convection 
currents in the liquid medium; yet the matrix is not sufficiently dense to interfere 
appreciably with the diffusion process. 

Experimental and theoretical diffusion studies have been extensively reviewed 
by Longsworth (6) and by Williams and Cady (8). The latter authors have 
given solutions of the diffusion equation for several sets of initial and/or bound- 
ary values. In principle, the diffusion constant can be calculated from an accu- 
rate knowledge of these initial and boundary values and one set of concentra- 
tion, position, and time measurements at some time after diffusion has been 
allowed to commence. In practice, a number of sets of measurements are made 
and the diffusion constant is reported after some averaging process has been 

^ Contribution No. 1206 from the Gates and Crellin Laboratories of Chemistry, California 
Institute of Technology. 

This paper is based on work supported by the Bureau of Ordnance, United States Navy, 
and done under contract with the Office of Naval Research, Contract N6ori-102, Task Order 
VI. 
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applied in interpreting the data. The procedure here outlined provides time and 
position data at one concentration only. Experimentally, these data are ob- 
tained by determining.the distance through which the polymer diffuses in a sat- 
urated filter pad during arbitrary times, in just sufficient concentration to react 
positively to a color spot test. Somewhat less information is thus provided than 
by other methods. Computation is, however, greatly simplified. 

From the point of view of the worker interested in estimates of molecular 
weight, as we have been, the advantage may be appreciated that the accuracy of 
the result is not limited by a determination of concentration. 

APPARATUS AND EXPERIMENTAL PROCEDURE 

The method here described was specifically designed for the characterization 
of nitrocellulose fractions dissolved in acetone. It should, however, be applicable 
to other polymers for which a sensitive spot test is available, and to other sol- 
vents. 

The procedure employed is briefly as follows: Aliquot portions of the fraction 
to be characterized are deposited at intervals of about half an hour at suitably 
separated points upon the surface of a pad saturated with solvent. After about 
4 hr. from the start, diffusion is frozen by rapidly separating the leaves of the 
pad. The maximum depth below each deposit at which nitrocellulose can be 
detected with a sensitive spot test is then determined. From the relation be- 
tween time and depth of penetration, the diffusion constant is calculated. 

The diffusion pad is composed of a stack of approximately 100 thin filter papers. 
Filters sold commercially as coffee filters have been found satisfactory. Those 
used in these experiments were obtained from the Acme Sales Company, Los 
Angeles, California. The papers are packed in units of 100. The diameter is 
approximately 8.5 cm., and the thickness of paper sheets averages about 3.5 X 
10‘~’* cm. Since diffusion distances are measured in terms of the number of filter 
papers, it is important that variation in thickness be small. Our practice is to 
measure the thickness of the saturated pad with a micrometer immediately be- 
fore diffusion is started and to count the number of sheets after diffusion is fin- 
ished. An average value of the thickness of the sheets in the pad can then be 
calculated. 

The diffusion pad is placed on another pad of heavier filters. Any porous 
filter paper reasonably free of nitrates will do for this purpose. A pad of approxi- 
mately 25 of Eaton-Dikeman filter papers No. 613, 9 cm. size, is satisfactory. 
Both pads are placed in a petri dish upon a flat support, which may be a disc 
of plate glass or of brass, and sufficient solvent is added to wet the paper com- 
pletely and provide a small excess. It has been found desirable to press the 
saturated paper pad for several days before use. This is conveniently done by 
placing a brass disc, approximately 9 cm. in diameter and weighing several 
pounds, on the saturated pad and allowing the whole setup to stand in an atmos- 
phere saturated with solvent vapor. A laboratory desiccator with the desiccant 
replaced with solvent may be used to provide the necessary atmosphere of sol- 
vent vapor. 
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After standing approximately 48 hr. or longer, the weight is removed and the 
thickness of the diffusion pad determined with a micrometer. Checks should be 
made to ascertain that the variation in the thickness of the pad is not greats 
than about 3 X 10~* cm. The pad is rinsed several times with fresh solvent to 
remove extractables which mi^t change the character of the solvent medium. 
Sufficient solvent is again provided to allow a small excess at the bottom of the 
petri dish, and the setup consisting of the pad of thin filters and the pad of heavier 
filters in the petri dish is again put under a blanket of solvent vapor and is then 
ready for use. 

Diffusion is started by placing a small disc of filter paper wetted with an 
acetone solution of the polymer imder investigation' on the top of the pad. It 
is desirable to use a thin piece of paper for the disc to satisfy more nearly an 
approximation which we s^ll introduce in the solution of the diffusion equation. 
However, it is also necessary that the paper disc have a certain amount of me- 
chanical rigidity. Eaton-Dikeman No. 613 and Whatman No. 1 papers have 
been used by us. Discs about 1.8 cm. in diameter are satisfactory. A disc is 
held with tweezers, for instance, in a small vise, so that the surface is horizontal 
and 0.10 cc. of approximately 0.5 per cent solution of polymer is allowed to flow 
onto the surface. An attempt should be made to have the solution spread out as 
evenly as possible. Evaporation may be allowed to proceed until the volume of 
liquid on the filter disc is approximately the same as that which the disc will 
hold when placed in contact with the saturated filter pad. This operation is 
not critical; however, it has been found that much more reproducible results 
can be obtained than if Ijhe solution on the disc is allowed to evaporate to dryness. 

In the determination of the diffusion constant of a given nitrocellulose fraction 
it is desirable to make determinations of penetration depth at five or six different 
diffusion times. It is therefore necessary to prepare five or six discs; it is essen- 
tial that the amount of polymer on each disc be the same, although the absolute 
amount is not critical and need not be known. To secure adequate reproduci- 
bility it is also important that all of the discs should be placed on the same 
diffusion pad, a procedure which is possible with the pad described. The times 
at which the discs are placed on the pad, as is indicated in the section discussing 
the interpretation of the data, are conveniently chosen so that equal intervals 
between points on a log time plot will be obtained. 

After diffusion has proceeded for the appropriate length of time, which nxay be 
about 4 hr., the process is stopped and the diffusion effectively frozen by re- 
moving the saturated pad from the desiccator and rapidly separating the filter 
sheets. The procedure used by us, which we believe to cause relatively little 
harmful convection, is to turn the diffusion pad over and place it again on the 
base pad <rf hea-vy filters and then proceed to separate the sheets of the diffusim 
pad as rapidly as possible. The sheets are marked as they are separated so that 
they can be oriented for analysis. It is important that not more than two or 
thrM dieets, preferably one, be removed at a time in that portion of the pad where 
the q)ot test end points are anticipated. The separated filter sheets are placed 
on an ordered set of heavy filters and are numbered consecutively priOT to analy- 
KB. The actual separation of the sheets of the diffusion pad can be accomplished 
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in less than 2 min. The numbering may be carried out leisurely after the solvent 
has evaporated. When several sheets are allowed to adhere, it is noted that the 
polymer is found in greater concentration on the bottom sheet. 

The analysis is carried out by using a color spot test. The extent of penetra- 
tion is measured by the end point of color sensitivity. Hence, if five diffusions 
are started on a given pad at different times, color will be detected at five spots 
on the uppermost papers, corresponding to the positions under the discs from 
which the diffusions commenced. The penetration depths are detected sequen- 
tially. The last color-sensitive portion which remains corresponds to that dif- 
fusion which was started first. The penetration end points are recorded as the 
serial number of the last filter paper on which color is observed. 

The color test used in these studies is that resulting from the reaction of a 
0.25 per cent solution of diphenylamine in concentrated sulfuric acid, with 
nitrates. The filter sheets being tested are placed on a heavy white background 
paper, e.g., Eaton-Dikeman No. 613 filter paper, and the spot test is made by 
adding the reagent from an eye dropper. It is important that the background 
paper be insensitive to the color reagent. A blue color appears almost instan- 
taneously if nitrates are present and persists for about 3 min., until it is over- 
come by a bro^vn color resulting from the action of the sulfuric acid on the filter 
paper. 

After the final end point has been determined, the remaining sheets are counted 
so that the average thickness of each sheet can be determined. The data re- 
corded in these experiments are the times, and distances, in terms of number of 
papers, to the end point. Representative experiments are described below. 


INTERPRETATION OP DATA 

The data obtained by the experimental methods described in this report are 
adequately accounted for by Pick’s second law of diffusion: 


Sc & c 
ai * ^ 


( 1 ) 


where D = diffusion constant, t = time, c = concentration, and x = distance in 
direction normal to the surface from which diffusion commences. 

The diameter of the paper disc from which diffusion begins is large compared 
with the total distance normal to the surface, through which diffusion proceeds 
during the period of the experiment; hence, concentration losses through lateral 
diffusion will have negligible effect on the concentration gradient normal to the 
surface of the starting disc. Further, the sensitivity of the method does not 
warrant an analysis in which the dependence of the diffusion ^^constant,” D, 
on concentration is considered. Equation 1 integrated under appropriate 
initial values may therefore be applied. 

The integration may be carried out by procedures such as those described in 
detail by Furth (3) and the following result is obtained: 
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The parameter a is to be inteipreted as a distance used to describe the dis- 
tribution of the diffusing substance at time ( = 0. The origin for the measure- 
ment of a is the same as that for x, and in the actual experiments lies in the upper 
surface of the disc initially containing the solute. The initial distribution is 
given by: 

C(a, 0) = $(«) (3) 

In the actual experiments the solute is initially contained in a layer of thick- 
ness A in which its distribution is regarded as uniform. For diffusion processes 
the upper surface of this layer presumably acts as a reflecting plane. The situa- 
tion is consequently mathematically equivalent to one in which a layer of thick- 
ness 2A is sandwiched between two filter pads. The initial distribution of dif- 
fusing substance which may be applied in these experiments is: 

4>(a) = Co -A<a<-t-A 

= 0 fa < - A (4) 

\a> + A 

where Co = concentration in the paper disc from which diffusion begins and A = 
thickness of paper disc. 

Expression 2 under condition 4 cannot be integrated directly, though compu- 
tations may be made from probability integral tables. However, for values of 
A sufficiently small the application of the mean value theorem gives a result 
(equation 5) which provides a method of approximation, concise and sufficiently 
precise to handle the experimental data. 

C{x,t) = (5) 

In equation 5 the value of a is restricted by the mean value theorem to values 
between —A and +A, and more specifically for positive values of x, in the par- 
ticular function considered, to values; 0 < a < A. a will depend upon x, but 
not strongly in the range of x for which the experiments are carried out. This 
weak dependence permits a choice of a which gives an approximation of C(x, t) 
certainly consistent with the precision of the diffusion distance determination. 

It is appropriate for experimental application to make the change in variables: 

d = X — A 
5 « A - a 

Further let: 

The parameter d is the experimentally determined distance from the top of the 
diffusion pad to the position where the spot color test last detects polymer; i 
is the corrected distance which we may substitute in equation 5 to get; 


(6) 
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If time-distance measurements are made for a given polymer and C and Co 
are held constant, then convenient transformations of equation 6 for graphical 
representation of the data are: 

CoA 

lnC + ilnt = ln^-^^ (7) 

logic < = A(C, C„ i)) - (8) 

The statement that C is held constant corresponds to the assumption that the 
respective concentrations of polymer at each color end point are equal. Ac- 
cording to equation 8 log t varies linearly with S^/t and the slope of the straight 
line obtained by plotting log t against d^/t is inversely proportional to the diffu- 
sion constant, D. The plot consequently affords a simple and direct method of 
determining D from the time and distance measurements. 

If several diffusions of materials of varying molecular weight (diffusion con- 
stant) are started simultaneously and at equal concentration, data will be avail- 
able under conditions of constant C, Co, t but variable d and D. Equation 6 
can be transformed to the following form: 

lo&oZ) = B(C,C„,0 + F(o| (9) 

Hence, a plot of log I) against dt/D should give a straight line. Equation 9 
is useful for checking the consistency of the diffusion constants obtained from 
the experiments suggested above. This use is demonstrated in the section be- 
low. Equation 9 may also be applied to determine the diffusion constant of a 
substance of unknown diffusion constant run in conjunction with several poly- 
mers of known diffusion constant. Although equation 9 is not a pleasant rela- 
tion from which to make calculations of D, results can be obtained without too 
much effort by successive approximation based on slide rule computations. 

EXPERIMENTAL DATA AND DISCUSSION 

In order to calibrate the method described above and to test its reliability, 
diffusion experiments were conducted on five nitrocellulose fractions covering a 
rather wide range of molecular weight. These were prepared by an elaborate 
fractionation procedure (9) carried out under the direction of Professor J. W. 
Williams of the University of Wisconsin, who kindly provided them for our use. 
The fractions have been the subject of several investigations at this Institute. 
They have been found to be quite stable and in only one case has the intrinsic 
viscosity decreased appreciably since preparation. The molecular weights have 
been detei-mined by measurement of osmotic pressure (1) and more recently by 
light-scattering methods which will shortly be reported (2). A summary of 
molecular weight data is given in table 2. 

In the determination of the diffusion constant of a given fraction, the practice 
has been followed in this work of running five or six diffusions simultaneously, 
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although, m principle, two diffusions furnish sufficient data from which to cal- 
culate the constant. The diffusion pads were prepared according to the direo* 

TABLE 1 


Diffusion of nitrocellulose fractions in an acetone-saturated paper pad 


lOTftOCEL. 
LQLOSB 
riACTION NO. 

SXPSU- 
KENT NO. 

ooncEu- 
TKATXON or 
POLYlfSE 
SOLUTION 

1 

DzrrusiON tdiz 

d 

oirrusxoN di 8< 
TANCE 4- icr* CM. 

1 

S/I 

D • 
DirrosxoN 
CONSTANT 

(calculated) 



«./100 ml. 

su. 

cm. X 10> 

cm.* sccr* X 10’ 

'cm.*w.'» X 10’ 

84,3 

66A 

0.59 

7160 

221 3 

62 

24.5 




4200 

194 

89 





2640 

173 

114 





1800 

152 

128 





1200 

135 

152 


S4,3 

66D 

0.59 

7260 

264 3 

96 

24.0 




5100 

228 

102 





2880 

200 

148 





1860 

175 

164 





1200 

146 

178 


83,4 

65A 

0.60 

14590 

208 ± 3 

30 

10.4 




7980 

173 

38 





4440 

149 

50 





2340 

121 

63 





1380 

104 

78 


S3, 4 

65B 

0.60 

14510 

201 d: 3 

28 

10.7 




7680 

170 

38 





4440 

! 146 

48 





2400 

' 121 

61 

I 




1320 

101 

76 


81,1-4 

68A 

0.58 

15100 

176 ± 3 

20 

6.8 




8350 

148 

26 





4620 

121 

32 





2460 

100 

41 





1320 

83 

52 


81,1-4 

68C 

0.58 

16400 

183 db 3 

20 

7.1 




8350 

141 

24 





4560 

124 

34 





2820 

107 

41 





1620 

90 

50 


P8,2 

a9A 

0.73 

14700 

120 3 

10 

4.4 




8400 

no 

14 





5450 

96 

17 





3300 

83 

21 





2280 

73 

23 





1320 

63 

30 
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TABLE! \"'^oniinued 


NITftOCBL- 
LUI08S 
FACTION NO. 

£xmsi< 

KENT MO. 

OONCEN> 

TtATIOMOy 

POLYMER 

SOLUTION 

1 

DIFFUSION TIME 

d 

DIFFUSION DIS< 
TANGE -f- 10~* CM. 

d»/t 

D 

DIFFUSION 

C»N8TANT 

(calculated) 



f ./lOO nU. 

see. 

cm, X 103 

cm,* X 10’ 

cm* sec.''* X 10’ 

P3,2.. 

59C 

1,87 

14700 

121 3 

10 

4.6 




9650 

107 

12 





5750 

97 

16 





4020 

90 

20 





2520 







1560 

69 

30 


P4,2 . 

63A 

0.65 

21820 

1 

157 =fc 3 

11 

3.6 



! 

10550 

126 

15 





4920 

98 

20 





2820 

84 

25 





1380 

66 

32 


P4,2 

63B 

0.65 

22000 

162 d: 3 

12 i 

3.8 

1 



9850 

124 1 

16 


1 

1 

1 


4680 

100 

21 


1 

! 


2520 

86 1 

29 


1 

1 

i 


1380 

69 

35 


— . _ — 

\ 


- — 






TABLE 2 

Molecular weights, intrinsic viscosities, and diffusion constants of nitrocellulose fractions 


nitrocellulose 
FRACTION NO 

NITROGEN CONTENT 

WEICBT'AVERAGE 
MOLECULAR WEIGHT 
(LIGHT-SCATIERING 

value) 

INTRINSIC VISCOSITY 

D 

DIFFUSION CONSTANT 

(calculated, table 1) 


per ccfst 



cm.* sec."* X 10’ 

84,3 

13.18 

9,400 

0.30 

24 

83,4 

13.36 

35,000 

1.33 

10.6 

81,1-4 

13.44 

50,000 

2.26 

6.9 

P3,2 

13.41 

93,000 

4.4t 

4.5 

P4 9 

13.42 

319,000 

6.86 1 

3.7 



* Reference 2. 

t This value may be slightly high; a recent determination gave a somewhat lower value 
which could not be rechecked because of insufficiency of sample. 


tions outlined above; acetone was used as the solvent. Paper discs, saturated 
with an acetone solution of one of the nitrocellulose fractions, were placed on the 
diffusion pad at scheduled times, the schedule being designed so that points would 
be separated by approximately equal intervals on a log time plot. Every effort 
was made to prepare the discs used on any one pad in the sameYnaimer. A 
summary of the diffusion data obtained in duplicate experiments on the five frac- 
tions is given in table L 
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The value of d, discussed in the section on the interpretation of -data, applied 
as a correction on the diffusion distance, d (d » d + d), has been taken as 10 X 
10~* cm. For very large values of x the pro^r theoretical value of 5 is the thick- 
ness of the filter disc from which diffusion starts. The average thickness of the 
discs used was about 13 X 10~‘ cm. For smaller values of x the appropriate 
theoretical value of S is smaller; the value chosen for S is appropriate for values of 
X in the ranges measured, and the assumption that 8 is constant is consistent 
with the precision of the color end point measurement. 

The values of the diffusion constants, D, given in the last column of table 1 are 
obtained from plots of the values of log t against 3^/t. The value obtained by 
dividing by 4.60 the reciprocal of the slope of the best straight line through the 
points is taken as the diffusion constant. The calculation follows from equation 
8 . 


TABLE 3 

Simvltaneoua diffttsion meaturementa of nitrocellulosea of differing diffusion constants 


MirKOCEIXULOSC 
rSACTlON MO. 

EX]P£RI> 
MENT NO. 

t 

DIPFUSIOM TIME 

d 

DXmrSlOM DIS- 
TANCE -h 10"* CM. 

D 

DIFFUSION CON- 
STANT (CAICU- 
LATED, TABUB 1) 

5*/2) 



sec. 

cm, X 10* 

C*f».* X 10’ 

sec. X 10*^ 

S4,3 

90B 

8050 

232 dr 3 

24.2 

22 

83,4 


8200 

178 

10.6 

30 

81,1-4 


7800 

157 

6.9 

36 

P3,2 


7900 

132 

4.5 

39 

P4,2 


8100 

117 

3.7 

37.5 

84,3 

90C 

7800 

217 

24.2 

19.5 

S3, 4 


7900 

169 

10.6 

27 

81,1-4 


7700 

155 

6.9 

34.5 

P3,2 


7750 

127 

4.5 

36 

P4,2 


7850 

110 

3.7 

32.5 


In figure 1 representative data are plotted to demonstrate the graphical deter- 
mination of D. No attempt was made to weight the points in determining the 
best straight line. Several factors should be mentioned, however. The average 
deviation in d“/< becomes smaller as d increases. An example, viz., experiment 
65A, is given in figure 2 which shows the deviation in resulting from a devia- 
tion of ±1 filter sheet (= ±3.5 X 10“* cm.) in d; the deviation in the measure- 
ment of t is considered inconsequential as compared with that of d. 

An observation of the experimental points from table I on a plot of log t versus 
d*/< on an expanded scale shows that in a number of cases a concave curve could 
be drawn which would more nearly fit the data than the straight lines drawn in 
fig ure 1. For a polymer of heterogeneous molecular weight, a concave curve 
would be anticipated. Certainly no conclusion can be drawn with respect to 
heterogeneity of molecular weight from the data presented. However, at long 
diffution times, the effect on the shape of the curve of small amounts of hi^- 
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molecular-weight polymer will be appreciable and it is advisable, therefore, to 
carry on diffusion experiments of this type over a relatively short period. 

In order to check the consistency of the diffusion constants obtained from the 
data in table 1, simultaneous diffusions of all five fractions have been carried out. 
To perform this experiment, it is necessary to prepare solutions of equal concen- 
tration of each of the polymers; the concentration chosen was 0.50 g. per 100 cc. 
of acetone. The diffusions were started at as near the same time as possible 



Fig. 1. Diffusion data for five nitrocellulose fractious in acetone: experiment 63A, 
D «■ 3.6; experiment 59A, D « 4.4; experiment 68A, D = 6.8; experiment 65B, D *= 10.7; 
experiment 66A, D « 24. 

and allowed to run for approximately 2 hr. A relatively long diffusion period, 
2-4 hr., for instance, is preferable to a shorter period, since the relative precision 
of the 5 measurement is greater for large values. The data obtained in duplicates 
runs are tabulated in table 3 and a plot of log D against d^/D is shown in figure 
3. According to equation 9, d^/Z> should vary linearly with log Z). Figure 3 
shows this relation to be satisfied except for the diffusion constant of the fraction 
of highest molecular weight, P4,2. It is indicated by experiments 90B and 90C 
that the values for the diffusion constant obtained for fraction P4,2 in experi- 




Flo« 3. Diffttsion data from experiment 90B, showing linear dependence of log D and 
The lengths of the lines representing the data correspond to a precision in the 7 
imei^ilMmesits of dt 3.5 X 10~* cm. 
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meets 63A and 63B were too high and that a value of I> = 3.1 for fraction P4,2 
would be consistent with the other diffusion constants obtained. 

CONCLUSION 

In figure 4 is shown a log-log plot of intrinsic viscosity (see table 2) verms dif- 
fusion constants determined by the pad method. It is evident that, within the 
range investigated, viscosity and diffusion methods give equivalent information 
regarding molecular weights. When large amounts of material are available the 



log [Tj] 

Fig. 4. The log of the diffusion constant, determined by the pad.method, vetBUB the log 
of the intrinsic viscosity for five nitrocellulose fractions. 


viscosity method will be preferred because of its greater precision. However, 
when amounts only of the order of 5-25 mg. are available, the determination of 
intrinsic viscosity with good precision is both difficult and laborious and we be- 
lieve that the precision of the diffusion method will be sufficient in many cases 
for preliminary characterization. In particular, we regard it as a useful tool in 
the development and testing of new fractionation methods where, in preliminary 
experiments, it is convenient to work on a very moderate scale. 

It would be interesting to compare the ‘‘diffusion constants” obtained by the 
pad method with those obtained by conventional methods. They need not 
necessarily agree, since diffusion in the pad may conceivably be complicated by 
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adsorption and other phenomena, and the constant obtained might differ some- 
what from the true diffusion constant. Unfortimately there appear to be no 
really suitable data for testing this point. Gralen (4) and Jullander (5) have 
r^ntly examined a large number of nitrocelluloses which show a trend of dif- 
fusion constant with molecular weight which is identical with that found in our 
measurements. The absolute values of the diffusion constants are, however, 
ibout 25 per cent larger at any given molecular weight than we have foimd. 
Closer agreement could scarcely be expected, since the materials investigated in 
the laboratory at Uppsala were unfractiraiated, were not all the same nitrogen 



3poo 10000 50,000 100,000 soopoo 

log My, 

Fio. 5 The log of the diffusion constant plotted versus log weight-average molecular 
weight for some nitrocellulose (O) and cellulose acetate (•) fractions. Singer’s data on 
the acetate were obtained by use of the Lamm cell and ultracentrifuge. 

content, and the molecular weights were determined by sedimentation rather 
than by light scattering. 

Well-fractionated specimens of cellulose acetate have been investigated re- 
cently by Singer (7), who obtained sedimentation and diffusion data. His 
data are shown together with ours (figure 5) on a log-log plot of diffusion con- 
stant veram molecular weight. The agreement of the absolute values is interest- 
ing but not necessarily to be expected, since two different pol 3 rmers are being 
compared and the method of molecular weight determination is different. 

On the plot of D versus M, our fraction of highest molecular weight shows anom- 
alous behavior which does not appear in the Z) versus [ij] plot. This is not en- 
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tirely unexpected, since the first fractions precipitated in a fractionation pro- 
cedure sometimes show abnormal behavior- It is interesting that whatever 
peculiarity this specimen may possess, it appears to affect the viscosity and diffu- 
sion constant in similar fashion, as may be seen from the plot of D versus [ri]. 


SUMMARY 


A semimicro diffusion method for the characterization with respect to molecu- 
lar weight of high-polymer fractions has been described, and examples have 
been given of its application in the study of nitrocellulose fractions. The essen- 
tial feature of the method is the use of a pad of filter papers as a matrix to reduce 
convection in the solvent. As is predicted by theory, the maximum depth, d, 
at which nitrocellulose is detectable by a sensitive spot test is found to be re- 
lated to the diffusion time, t, by an equation of the form: 


log t = 


d^ 

4.6D/ 


where D is the diffusion constant. 

The determination of a single diffusion constant requires about 15 mg. of nitro- 
cellulose and an over-all time of about 5 hr. A precision of ± 10 per cent or bet- 
ter in the diffusion constant may be anticipated for well-fractionated samples 
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COLLOID PROPERTIES OF LAYER SILICATES^ 

W. F. BRADLEY ahd R. E. GRIM 
State Oeoiogieal Survey Divitim, State of Ittinoie, Urbam, lUinoie 
Received February tO, 1948 

From the viewpoint of one interested in the structural aspects of colloids, a 
fortunate condition is encountered in the case of the common clay and sc^ min- 
erals. It is inherent in the colloidal conditicm that dispersed or dispersible phases 
be of such low degree of crystalline perfection that x-ray (or electron) difFraction 
diagrams are at best less intense and less complete than those obtainable from 
macrocrystalline solids. 

X-ray diffraction studies, first of the micas, and successively of an extended 
series oS related layer silicates such as the brittle micas, the chlorites, talc, and 
pyrophyllite, have established that a highly stable complex structured unit exists 
which controls the varied physical properties of these related minerals. It has 
further developed that this same unit is the assemblage on which the crystallisa- 
tion of the two large groups of clay minerals, the illite group and the montmoril- 
lonite group, are based. The configuration of such a layer is illustrated in figure 
1. The wide latitude of cation substitutions within this framework has recently 
been reviewed by Ross and Hendricks (11). For present purposes it is sufficient 
to observe that, whereas some certain regularity of ion distribution characterises 
the macrocrystalhne members, there is a range through which the magnitude of 
residual charge resulting from presence of lesser valent cations or from cation de- 
ficiencies gives rise to two major groups of characteristically microcrystalline clay 
minerals. In the one group charge deficiencies in a layer are balanced mainly 
by interlayer potassium ions, and the minerals are dimensionally stable and are 
actually varieties of micas. These are the illite group. The over-all charge 
deficiencies are about half as frequent as those of the crystalline micas and are 
considered to arise mainly from the presence of trivalent aluminum ions in tetra- 
hedral codrdination. In the other group about equally frequmit charge defi- 
ciencies arise mainly from substitutions or defects in the octahedrally codrdinated 
portion of the layer and are commonly balanced by sodium and/or calcium ions. 
These are the montmorillonite group of minerals, and in this group the interlayer 
ions are readily exchangeable and, in addition, the individual layers are subject 
to separation from each other by water and are readily dispersible. In nature 
th^ minerals are commonly observecito occur with one or two layers oi water 
already interleaved between the characteristic silicate skeleton. 

Base exchange is of course commonly thought of as an inorganic phfin<nnenan, 
but the activity of organic bases in exchange has become a subject of proven 
interest, following a study by Gieseking (5), and has been utilised by Hendricks (7) 
to measure the van der Waals thickness of a number of large organic bases. 

The water associated with montmorillonite in nature disposes itself regularly 
in layers between the silicate skeletons, affording characteristic interlayer spao- 

* Pablisbed by permission of the Chief, Illinois State Qeol<^eal Survey, Urbana, Rlinois. 
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ings which are measurable by x-ray diffrac^tion methods; in addition to the simple 
interlayer diffraction, some of the better specimens afford a series of integral 
higher orders of diffraction from the fundamental spacing which establish the 
fact that the alternating sequencie of silicate and water layers is repeated a large 
number of times without irregularity. In the presence of added water additional 
layers penetrate between each individual silicate unit, with swelling of the speci- 
men, and regularly constituted ^'hydrates’^ have been observed in which as many 
as four water layers separate successive silicate layers (3). The configuration of 
such layers and the likelihood of indefinite extension of th(* mechanism into com- 



Exrhangc cations only on ex- 
tornal surfaces of mica, 
KAl2(AISu)Ou,(OH)2 


Layer in pyrophyllite, 
Al2Si40io(( illja 



JCxchanKc cal ions between lay 
ers in montmorillonitc, 

All 67M|r.HSi40io(OH) > 


Fig. 1. The structural relationships of the montmorillonitc tyjie mineral with mica 
and pyrophyllite (after Hendricks). 


plete dispersion is apparent from Hendricks’ model of the association of such 
w^ater (figure 2), which is based upon the known hydrogen-bonding properties (8). 
The concept of what constitutes bound water in this colloid system is thus par- 
ticularly graphic. 

One important commercial utilization of montmorillonite is in the preparation 
of drilling muds. Figure 3 illustrates the contrasting properties of suspensions of 
montmorillonite with those of a conventional clay mineral, kaolinite, whose 
crystalline particles disperse as entities. These diagrams represent the diffrac- 
tion effects observed upon irradiation of a flo^^^ng stream of suspension as dis- 
charged through a capillary nozzle. The diagram of the kaolinite suspension 
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includes all the lines normally observed in solid specimens superposed over the 
characteristic water halos. The diagrams of the Wyoming bentonite suspension 
and of the montmorillonite base shale include the normal diagrams for the non- 
clay mineral accessories in each case, and the normal diffraction eft'ects related to 
the prism zone — that is, to the lateral extension of the individual silicate sheets. 



Fig. 2. Probable structural arrariKomcut of multiple water layers (after Hendricks 
and Jefferson). 



Fig. 3. X-ray diffraction diagrams of streaming clay suspensions issuing from a nozzle: 
(a) water; (b) suspension of 5 per cent of Wyoming bentonite in water; (c) suspension of 
20 per cent of a montmorillonite containing oligocene shale in water; (d) suspension of 30 
per cent of a kaolinitic clay in water. In suspensions (c) and (d) a phosphate dispersing 
agent was added. 

No normal reflections or higher orders of reflection related to any basal spacing 
are observed. Except for the water halos, there is observed only a remarkably 
prominent low-angle scattering feature which arises from the dissemination of 
solid particles in the liquid medium. It is to be noted that of the two examples 
illustrated the low-angle feature is somewhat more pronounced for the Wyoming 
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tentoiiite, a natural sodium Ixuiionite, than for the shale, which is mainly cah 
(;ium saturated. The sodium bentonite is considered to be rather strictly dis- 
persed down to individual silic^ate layers, whereas the calcium montmorillonite 
apparently retains a lo\v degree of order between small groups of a few adjacent 
layers. One gram of the sodium bentonite appears to furnish as many dispersed 
particles as 3 or 4 g. of this particular shale. 

In a system in which the condition of the dispersed phase is so clearly defined, 
and in which the nature of the water association upon particle surfaces has been 
subje(4. to demonstration, a simple graphic mechanism for the striking thixotropic 
properties of such suspensions is easily visualized. In a set gel most if not all of 
the water molecules in the system are under the influence of one or more of the 
silicate lamellae, which are thus both isolated from each other, and at the same 
time bound together, by their associated water. Under mechanical deformation, 
moderate disruption of the water coordination permits ready yield, and the en- 
tire system may be worked into a suspension of only moderate viscosity by simple 
attrition of water molecules. 

In this same vein it is also clearly true that in a given suspension the partition 
of water molecules between the “free^^ and the '‘bound’' condition would l3e sub- 
je(*t to influence by h(»at or by chemical agents. There is a highly developed art 
of controlling the viscosity of drilling muds by addition agents which suitably 
adjust the hydration state. 

Th(» flexibility of the above wat(»r relationships and the e.xtensive activity of 
organic bas<»s in exchange suggested promise in investigating the possible rela- 
tionships with various organic liejuids. The nature of the stable complexiis 
resulting fi*om th(» treatment of montmorillonite with two rather highly special- 
ized types of organic* compounds, the polyamines and the polyglycols, etc;., has 
already i-eceived some study (1) and the value of this type of reaction in min- 
eralogy is I’cM'ognized (2, 10). 

It sc;ems to be rather generally true that simple polar organic solvents also 
“solvate” thc' montmorillonite surface, some of them alTording clear instances of 
double* layer complex formation comparable in configuration to those obtained 
with glycol oi* with the* polyglycols. Such double-layer complexes are probably 
the general case. Among the amines, which are also active in base exchange, 
singl(*-lay(*r c*omplexes are* obtained with those molecules whose flat cross-section 
is less than the* average area per exchange position for the montmorillonite, but 
the larger simple amines also exhibit the double-layer configuration. Figure 4 
illustrates the nature of the clear secpiences of orders of diffraction from the basal 
spac*ing wiiic*h arc* observed in those (*ases where a definite c*haract eristic complex 
formation is realized. In general, this type of complex does not swell in the 
presence of an excess of the same agent. Their stability is considered to be oc- 
(‘asioned by a quite specialized interaction l)etwcen the actual aliphatic chains 
and the oxygen-populated clay surface, amounting to something like a C — H- • -0 
bond. Multiple layers such as those built successively by water would thus not 
be anticipated. 

The recently reestablished method of thermal analysis has been used eflfec- 
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lively in qualitative estimation of the energy of association of water with mont- 
morillonite under various circumstances (9). For complexes with the more vola- 



Fio. 4. Typical diffraction diagrams of montinorillonitc-organic liquid complexes, 
(a) with ethanol; (b) with acetone; (c) with the monoethyl ether of propylene glycol; 
(d) with the dimethyl ether of tetraethylene glycol. The more prominent higher orders of 
diffraction from the base are indicated. 


o’c 

Fig. 5. Differential thermal analysis curve for complex of Wyoming bentonite with the 
dimethyl ether of tetraethylene glycol. 



tile liquids, evaporation is far too ready at room temperatures to permit the 
application of such a method, but more stable complexes (as illustrated in figure 
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5 by that with the dimethyl ether of tetraethylene glycol) exhibit distinct, al- 
though not interpreted, elTe(;ts. A series of amine complexes, stabilized by their 
activity in exchange, afford greater promise. In figure b are reproduced the 
differential curves for complexes with three normal primary amines, in the order 
of in(a*easing chain lengths, and for an example of a (luaternary ammonium base. 



Fia. 6. Differential thermal analysis curves for dry complexes of Wyoming bentonite 
with amines: (a) butylamine; (b) dodccylamine; (c) octadecylamine; (d) dimethyl cetyl- 
laurylammonium bromide. 

The common feature of these curves is the shoulder indicating initiation of an 
endotherrnal reaction at around 3(K)°C\ In the registration of those thermal 
cuiwes, it is also common practice to register simultaneously a record of the fur- 
nace temperature itself, such record being normally a smooth line of uniform 
gradient. Figure 7 is a reproduction of the composite record for the complex 
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with octadeeylamine. On this curve it is noted that at about 400°C., where the 
specimen temperature is still markedly below the reference temperature, a sudden 
combustion has heated up the whole furnace. The same effect, but less intense, 
is observed with the dodecylamine complex. 


I I l__ L 1/ 

Fig. 7. Differential thermal analysis trace as in figure 6a (but not dry), showing the 
furnace temperature trace. 



a 



b 



c 



imL. . 

Fig. 8. X-ray diffraction diagrams of amine complexes with Wyoming bentonite: (a) 
complex with butylamine; (b) complex with dodecylamine; (c) butylamine complex heated 
to 280®C.; (d) octadecylamine complex heated to 400°C. Essentially equivalent diagrams 
result from heating of each complex within equivalent temperature range. 

Materials being subjected to thermal analysis (ran, of (rourse, be withdrawn at 
any chosen point and are available for examination. In figure 8 are reproduced 
x-ray diffraction diagrams for two amine complexes and for specimens withdrawn 
at about 280 ®C. and abcjut 400 ®C. The complex cell heights have been altered 





COLLOID FBOFBKnSS OV LATER SILICATES 


1411 


from those characteristic of Ihe respective amines to a stable configuration of 
height about 12.8 A., a figure below that which would accommodate one aliphatic 
chmn but compatible with an alternation of montmorillonite layers with graph- 
ite. The endothermal feature remarked above can now be identified as the dehy- 
drogenation oi entire aliphatic chains; the released hydrogen ignites in the furnace 
atmosphere to overheat the whole specimen block ^larply, and the coked carbon 
is left between the rilicate layers, eventually burning off at hi^er temperatures. 
In table 1 are analyses of prepared coked specimens heated in an open oven to the 
indicated temperatures. 

The carbon layers are not truly graphite. An ideal graphite layer would pro- 
vide about 28 g. of carbon per 100 g. of ash. The deposit is more comparable to 
a single layer of petroleum coke, although it may well be partially graphitized. 
The hydrt^n contents cited in table 1 are not subject to the degree of accuracy 
normally realized in hydrogen determinations because of the necesrity of correc- 
tion for water expelled from the silicate framework under the ignition conditions, 


TABLE 1. 

Analyses of prepared coked specimens 


SFBCnCEM 

OXAlfS PER 100 0. OF ASH 

N 

C 

H 

Octadecylamino-bentonite 

1.7 

26.2* 

4.8* 

Same heated to 276®C 

Not 

14 

0.6 

Same heated to 400'*C 

determined 

1.0 

8.5 

0.23 


* Calculated from per cent nitrogen. 


but are rather to be looked upon as maximum figures. The coke composition is 
clearly no more than one hydrogen atom to two carbon atoms. 

The degradation of hydrocarbon chains of this sort to coke is presumably the 
ultimate in catalytic cracking. The activation treatment of natural montmoril- 
lonite clays for cracking seems only to be a suitable preparation of the oxygen- 
populated clay mineral surface to afford this dehydrogenation to only a useful 
degree. 

The aspects of the colloid chemistry of this type of silicate layer which are out- 
lined above are consequences of the phenomenon of “bound water” and the 
analogous concept “boimd solvent.” The same silicate skeleton exhibits another 
separate degree of water association in that part of the skeleton which includes 
hydroxyl ions. Far less is imderstood about these hydroxyl water relationships, 
and there is apparently less latitude of possible variation, but it is at least readily 
apparent that the dehydroxylated silicate skeleton is capable of reassociating 
with itself hydroxyl water of markedly lesser association energy than that of the 
natural structure, figure 9 is a series of thermal analysis curves taken from a 
recent study ol this feature (6) . Illustrated are the thermal curves of a Wyoming 
bentmiite and curves of the same bentonite after firing to various temperatures 
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Fio. 9. Differential thermal analysis curves of dehydrated and rehydrated Wyoming 
bentonite. 

A. Mill-run Wyoming bentonite 

B. Heated to SOO'^C. for 1 hr.; curve run after standing 13 days 

C. Heated to dOO^'C. for 1 hr.; curve run after standing 11 days 

D. Heated to 600^0. for 1 hr.; curve run after standing 68 days 

E. Heated to for 1 hr.; curve run after standing 146 days 

F. Heated to 600*'C. for 1 hr.; curve run after standing 268 days 

G. Heated to 800*^0. for 1 hr.; curve run after standing 76 days 

H. Heated to 800^0. for 1 hr.; curve run after standing 268 days 
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with rehydration under laboratory conditions. It is perhaps significant that it 
has been found in catalyst activation and regeneration that the use of steam to 
maintain a hydroxylated active product is effective in preventing the suscepti- 
bility of catalysts to sulfur poisoning (4). 
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I. INTRODrcTION 

The theory is now jjjc'nerally accepted that most lubiicating greases are two- 
phase s 3 "stems consisting of a continuous phase of lubricating oil and a dispersed 
phase of cryst-alliiK^ or fibrous soap. The physical and chemical properties of 
the disp('rs(Ml soap phase largely <l('termine the properties of the grease and 
dictate tla^ conditions under which the grease will lubricate satisfactorily. 
Previous work by the authors (2, 3) has consisted of a general study of the fiber 
structure of greases of various soap types. Since (*al(^ium soap greases represent 
a large proportion of gn^ases now marketed, a detailed study has l)een undertaken 
of this specifics soap type. 

In (*al(*ium soap greas(*s the soap phase will readily agglomerate and separate 
from the oil phas(‘ unk^ss a stabilizer is added to prevent this action. Several 
additives are efh'ctive in producing the desired stabilization effect, the most 
commonly ^sed being \\at(»r. This paper is concerned with stabilization by 
hydi-ation as well as with anhydrous systems stabilized with calcium acetat(‘ and 
with stearic* acid. 

II. EXPERIMENTAL 

All inicrograplis pres(*nted in this paper were obtained with the RC-A Model B 
electron microscopcL Th(\v w(*re taken at direct magnifi(*ations of 4000 X and 
8200 X. 

The particle size was ndatively large in the materials studied, but it was 
found advisaljj^jn order to improve surface detail, to use the shadow-casting 
te(4ini(pie as ^s(*ribed l)y Williams and Wy(*koff (7). Specimens were 
shadowed with gold at a ratio of filament height to specimen distance of 1 to 4 
and at a tiressure of 10“’ mm. 

All specimens we^e mounted on Parlodion substrates aftca* ha\'ing been diluted 
with small amounts of medicinal white oil to soften them. A few drops of a light 
petroleum naphtha were placed on each specimen aftcu* mounting on the indi- 
vidual specimen screens. This removed most of the mineral oil phase and 
thereby increased detail in t he soap strindiiro which would ordinarily have been 
masked'by adsorbed oil. 

1 Presented at the Svnii)()sium ou Gel Formation, Detergency, Emulsification and Film 
Formation in Nwi-wVciueous CVdloidal Systems which was held under the auspices of the 
Division of C’olloid (^lemistry and the Division of Petroleum Chemistry at the 113th Meet- 
ing of the American Chemical Society, Chicago, Illinois, April, 194S. 
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Sample preparation 

The grease used for the initial phase of the program (grease No. 1, table 1) 
was a commercial product prepared as follows: The soap concentrate was pre- 
pared by the saponification in a pressure autoclave of a high-grade tallow with 
calcium hydroxide in the presence of a small amount of mineral oil. After 
saponification was complete the soap cjoncentrate was completely dehydrated 
by heating in an open vessel and was then gradually hydrated by adding watei*‘ 
as the soap concentrate was cooled from 235°F. to 210°F. Part of the water was 
evaporated during this hydration process, but a substantial amount remained in 
the grease intimately associated with soap. The resultant hydrated soap con- 
centrate was mixed with a mineral oil having chara(‘teristics as outlined in the 


TAIiLE 1 

Composition of greases 


GRKASE 

NO. 

SOAP 


STABILIZER 



MINERAL OIL 


Type 

WeiRht 

Type 

Weight* 

Viscosity 

RSU 

1 

Viscosity 

210“F 

SSU 

Viscosity 

index 

1 

Weight 

1 

1 

Calcium tallow 

per rent 

17.7 

Water 

per rent 

1.3 

200 

40 

15 

per rent 

81 

2 

Calcium tallow 

12.9 

Water 

1.1 

1 2600 

120 

60 

86 

3 

Calcium tallow 

6.4 

Water 

0.6 

4000 

160 

70 

93 

4 

Calcium stearate 

15 

('alcium acetate 

2.0 

460 

50 

0 

S3 

5 

Calcium stearate 

15 

Calcium acetate | 

3.0 

460 

50 

0 

82 

6 

Calcium stc'arato 

15 

C>alcium acetate 

4 0 

460 

50 

0 

81 

7 .. 

Calcium stearate 

20 

Stearic acid 

0.2 

460 

50 

0 

79.8 

8 

Calcium stearate 

20 

Stearic acid 

1.0 

460 

1 50 

0 

79 

9 

Calcium stearate 

20 

Stearic acid I 

2.0 

460 

' 50 

0 

78 

10 

Calcium stearate 

20 

Stearic acid | 

3 0 

460 

1 

i 50 

0 

77 


* Indicates amount of stabilizer in completed grease. 


table. The final grease had a water content of 1.3 per cent and a soap content 
of 17.7 per cent. 

The above product was placed in an oven at 230°F. and was stirred frequently 
to insure even dehydration. Samples were taken from the bulk of the grease at 
hourly intervals until essentially all of the water had been removed. The water 
content of each sample was determined by the conventional “water by distilla- 
tion^’ test (A.S.T.M. D95-46). 

Samples for the second phase of the program were obtained during the com- 
mercial manufacture of a grease with a soap component similar to that of grease 
No. I but prepared with a mineral oil of higher viscosity. Samples were taken 
of the soap concentrate as it was being hydrated and of the finished grease after 
the constituent mineral oil had been mixed in. This grease is referred to as 
grease No. 2 in the table. 

Grease No. 3 was a semifluid commercial product having a high-viscosity 
mineral oil. Samples of this grease were taken at only two stages of manufacture, 
as indicated, merely as a check on results obtained on the other two greases. 
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Greases Nos* 4, 5, and 6 were prepared in the laboratory from commercial, 
neutral, preformed calcium stearate^ and were stabilized with varying concentra- 
tions of calcium acetate, as outlined in table 1. The greases were essentially 
anhydrous, since each grease was heated to 400°F. during preparation and no 
water was added as the greases were cooled. 

Greases Nos. 7, 8, 9, and 10 were also anhydrous laboratory preparations of 
calcium stearate in oil which were stabilized with free stearic acid. 

III. HYDRATED CALCIUM SOAP GREASES 

Progressive dehydratim of grease 

Micrographs in figure 1 are those taken of grease No. 1 as it was progressively 
dehydrated. Figure la represents the original grease before any of the water was 
removed. The twisted fibers characteristic*, of hydrated (,‘alcium soap greases, 
whicfh pro})ably consist mainly of the calcium soap- water complex (4), are clearly 
visible*. This sample has a water content of 1.3 per cent. 

In figure lb the water content was reduced to 1.1 per cent. It can be seen 
that t he fibers have softened and started to untwist, although the fiber dimensions 
have not changed appreciably. There is also an indic^ation in this picture, as in 
previous mi(*rographs, that, the stru(*ture is actually made up of two or more 
individual fil)ers twisted al)out one another. 

The water content of the sample in figure Ic is 0.7 per (*ent. Here a trace of 
fiber structure* still remains, but. most of thei soap has agglomerated and is 
s(aitt(*iTd throughout the field. 

In figure Id at a water content of 0.4 per cent all fibrous structure has disap- 
peaied and the* soap has bee*orae essentially amorphous. At this stage of de- 
hydration the* grease was unstable and the soap readily separated from the oil 
when the mixture was agitated. Figure le, taken at a water content of 0.1 per 
cent, ('xhibits little or no e‘hange fre^m figure Id and no structural change was 
observe*d in further dehydrated samples. 

Hydration of calmim soap 

The samplc\s for this phase of the program were taken from a calcium soap 
concentrate after saponification was complete and the soap concentrate had 
Ixnm dehydrated. This first sample, the dehydrated soap coiuentrate, is 
shown in figure 2a; no structure is visible and the amorphous mass is similar in 
appearan(*e to the dehydrated soaps in figure I . 

Micrograph 2b is of a sample which was obtained after the first increment of 
water had been added to the soap concentrate during the hydration process. 
The water was added when the soap concentrate temperature was about 230°F. 
and, although a portion of the water evaporated, the actual water content of the 
sample is 1.3 per cent.. The fibers or soap crystals form at this early stage of 
hydration but they are not so uniform in size or shape as are the final hydrated 

2 Mallinckrodt calcium stearate, impalpable powder. 
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soap fibers. These are apparently the seed crystals which form the basic 
structure for the final soap fil>ers as postulated by Hoeppler (4). 



Fio. 1. Progressive dehydration of a calcium soap grease at 230°F. (grease No. 1). 82(K) 
X. (a) original grease (1.30 per cent water); (b) 15 per cent dehydrated (1.1 per 
cent water); (c) 50 per cent dehydrated (0.7 per cent water); (d) 70 per cent dehydrated 
(0.4 per cent water) ; (e) 90 per cent dehydrated (0.1 per cent water) . 

In figure 2c the second increment of water has lieen added to the soap con- 
centrate, the actual water content lieing 1.8 per cont. In this case the fillers 
have lengthened considerably and one fiber, to the lower left of the picture, 
appears to be nearly 3 m in length. The heterogeneity of the structure in this 
picture indicates that the fibers tend to grow to considerable lengths but do not 
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change in width. The sample in figure 2d was taken after the total amount of 
water had been added to the soap concentrate. The soap concentrate tem- 



Fkj. 2. ProKiTssivc* hydration of calcium soap concentrate (grease No. 2). 8200 X. (a) 
dehydrated soap concentrate; (b) soap concentrate plus 1.3 per cent water; (c) soap con- 
centrate plus 1.8 per cent water; (d) soap concentrate plus 2.4 per cent water; (e) finished 
soap concentrate, 1 .0 per cent water; (f) finished grease, 1 .1 per cent water. 

perature at this point was about 210°F., and the actual water content of the 
sample is 2.4 per cent. Here the long fil)ers have been torn apart by the me- 
chanical action of the mixer and are more uniform in length. 

In figure 2e the hydrated soap concentrate had been mixed for 1 hr. at about 
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210®F. Some water was lost during this process, since the water content at 
this point is 1.9 per cent. Here a few of the fibers have assumed the tightly 
twisted formation typical of the final grease. 

In figure 2f the entire mineral oil constituent had been added to the soap 
concentrate. The water content of this sample is 1.1 per cent. Since saponifica- 
tion and hydration were complete before the soap concentrate was mixed with 
the additional mineral oil, it is reasonable to assume that the tightly twisted 
structure is the result of mixing action rather than of chemical changes in the 
soap. 

The above theory is supported by the micrographs in figure 3 of grease No. 3. 
Figure 3a is of a soap concentrate obtained immediately after the soap was 



Fig, 3. Modification of fiber structure during “mixing off” of calcium soap concentrate 
for grease No. 3. 8200 X. (a) hydrated soap concentrate (contains about 75 per cent oil) ; 
(b) finished grease (94 per cent oil). 

hydrated. Figure 3b is of the final grease made from this soap concentrate. 
Here again the twisted structure appears to be a result of prolonged stirring 
during the mixing process. 

IV. ANHYDROUS C/VLCIUM SOAP GREASKS 
Calcium acetate stabilization 

In the study of the effect of stabilizers other than water on calcium soap 
structure, it has been found that the fiber characteristics are almost entirely 
dependent upon the type of stabilizer or dispersant and its concentration. 
Calcium acetate has been used as a stabilizer, and figure 4 shows the effect of 
various concentrations of this salt on a grease prepared from preformed com- 
mercial calcium stearate and a mineral oil of medium viscosity. All greases 
were prepared with 15 per cent calcium stearate, the mineral oil content being 
varied to allow for differences in the concentration of calcium acetate. An at- 
tempt was made to prepare a grease with 1 per cent calcium acetate, but the 
resultant product was syncretic and did not form a grease. Figure 4a is of a 
grease containing 2 per cent calcium acetate. There is a faint trace of fiber 
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structure in this micrograph, although the greater percentage of the soap is 
amorphous and has not “fibered out.’’ 

In figure 4b the calcium acetate is present in a 3 per cent concentration. 
The fiber structure is more extensive than in figure 4a, and the grease is con- 
siderably more stable. 



Fio. 4. (^alciuin acolate stabilization of calcium stearate grease (greases Nos. 4, 5, and 
6). 4(KX) X . (a) 2 per cent calcium acetate; (b) 3 per cent calcium acetate; (c) 4 per cent 

calcium acetate. 

Figure 4(* portrays a grease with a calcium acetate concentration of 4 per cent. 
The fiber dc'velopment here seems to Ix' at a maximum, since there is little or no 
amorphous soap visible. 

Free fatty acid stabilization 

Small amounts of free fatty acids have long been known to improve the 
texture of greases as well as reduce syncretic* tendencies. Tlie electron micro- 
graphs of greases containing identical amounts of calcium stearate and varied 
concentrations of free stearic acid are sIioami in figure 5. 

A mixture of calcium stearate, oil, and 0.2 per cent free stearic acid is shown 
in figure 5a. This quantity of free acid is insufficient to stabilize the granular 
soap structure, and the sample readily separates into two phases. 

The sample shown in figure 5b contains 1 per cent free stearic acid. The 
mixture is syncretic but of slightly improved texture over the sample containing 
0.2 per cent stearic acid. 
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A grease containing 2 per cent free stearic acid is shown in figure 5c. A 
crystalline or fibrous structure is readily visible in this micrograph, and the 
grease is smooth and exhibits no syneresis. It was semifluid when prepared 
but hardened in about 12 hr. to a buttery texture. This change in consistwicy 
or hardness upon aging is characteristic of greases containing an appreciable 
amount of free fatty acid. The phenomenon is probably indicative of a crystal- 
line growth or a transformation from a gel to a psuedo-gel as the grease ages. 



Fio. 5. Free fatty acid stabilization of calcium stearate grease (greases Nos. 7, 8, 9, and 
10) . 4000 X . (a) 0.2 per cent stearic acid ; (b) 1 per cent stearic acid ; (c) 2 per cent stearic 

acid; (d) 3 per cent stearic acid. 

There appears to be a tendency for these greases to liecome more opaque as they 
harden, a fact which also indicates an enlargement of the particle size. 

The grease in figure 5d contains 3 per cent free stearic atdd. This pnaluct 
was stable immediately after preparation and remained stable, although it also 
hardened rapidly upon aging. 

V. DI80U88ION 

In comparing the micrographs of hydrated calcium soap greases at various 
stages of hydration with their physical appearance, it is evident that a fiber 
structure must be present before a stable product is formed, and that this 
structure is present only when a sufficient amount of water has been incorporated 
into the grease. While in anhydrous calcium soap greases stabilizers have a 
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radically different effect cm the fiber shape and size, in the two cases studied the 
grease is stable only when a fibrous structure is visible under the electron 
microscope. 

It is interesting to note that in both the calcium acetate-stabilized and the 
water-stabilized greases, the minimum concentration for a stable product is in 
the vicinity of equimolar concentrations of stabilizer and soap. The molecular 
configuration in the hydrated calcium soaps is probably of a type suggested by 
Doscher and Void (1) in their study of sodium soaps; that is, soap anions bound 
together by molecules of water with the calcium ions distribute in the inter- 
stices. The molecular orientation in the case of calcium acetate stabilization 
and stearic acid stabilization is undoubtedly more complex; however, greases of 
this type may possibly be studied by x-ray diffraction or electron diffraction 
techniques. 

The hydrated calcium stearate fibers have a reasonably uniform width of 400- 
500 A. If the soap molecules are oriented perpendicularly to the long axis of the 
fibers, this fiber width would represent approximately the length of ten stearic 
acid unit cells or twenty stearic acid molecules (5). The hydrated calcium 
stearate fibers evidently have no tendency to split axially into smaller com- 
ponents, as do the fibers of sodium laurate reported by Marton et oZ. (6). 

The calcium acetate-stabilized greases have a tendency to form fibrous bundles 
more t3rpical of sodium soap fibers. However, the minimum fiber width noted 
in these micrographs is of the order of 250 A., a value which would again indicate 
a fiber width of several molecules. 

VI. SUMMARY 

The micrographs presented indicate that the fiber or crystalline structure in 
hydrated calcium soap greases disintegrates concurrently with the removal of 
water. The fiber disintegration leads in turn to the separation of soap and oil. 

Stearic acid and calcium acetate act as fiber builders in calcium soap greases 
but the fibers are radically different in size and shape from those in the hydrated 
grease. 

For effective structural stabilization calcium acetate or water must be present 
in molar concentrations approximately equal to or greater than that of the soap. 

The authors wish to express their gratitude to Dr. R. T. Macdonald and Dr. 
B. W, Hotten of the California Research Corporation, Richmond, California, 
for their helpful suggestions in the preparation of this paper and to the Uni- 
versity of California, Berkeley, for the use of its electron microscope. 
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This paper presents the results of x-ray examination at room temperature of 
systems of anhydrous calcium stearate in cetane which had been equilibrated at 
various elevate temperatures and then quenched. A series of nineteen samples 
at closely spacbd eompositicms from 17 to 100 per cent calcium stearate were 
quenched from 130®C. Four additional series, at 20, 38, 67, and 87 per cent 
calcium stearate, were quenched from a succession of temperatures between 100° 
and 220°C. Finally, the effects of other thermal and mechanical treatment, and 
the effect of water were investigated in a few instances. The x-ray work was 
suppiem«ited by visual and microscopic examination of the samples. 

The work is part of a broad general program which has for its object determina- 
tion of the phases present in grease systems, the e.xtent to which these represent 
an equilibrium ccmdition, and the relationship between phase state and physical 
characteristics of the grease. The phase behavior of oil-free calcium stearate 
has already been reported (1 1). The next step is investigation of the behavior of 
calcium stearate with a number of pure hydrocarbons of varying structure, of 
which cetane is one example. 


EXPEBIMENTAL 

Maiericds 

The calcium stearate used was preparation I, which has already been described 
{11). It was always freshly dried to constant weight at 110°C. immediately 
before use. Pure cetane was obtained from the du Pont Company. It was 
freed of dissolved oxygen by prolonged sweeping with nitrogen and dried over 
calcium chloride; it had = 1.4345 compared to no® = 1.43449 reported by 
Deanesly and Carleton (2). 


Preparation of samples 

Dry calcium stearate and cetane were weighed into Pyrex glass tubes, mixed 
intimately at room temperature, sealed, maintained for 1 hr. at the elevated 
temperature from which final quenching was to be made (except that 130°C. was 
used for systems ultimately quenched from still higher temperatures), cooled, 
re-mixed at room temperature, maintained for 1 hr. at the chosen elevated 

‘ Presented at the Symposium on Gel Formation, Detergency, Emulsification and Film 
Formation in Non-Aqueous Colloidal Systems which was held under the. auspices of the 
Division of Colloid Chemistry and the Division of Petroleum Chemistry at the 113th Meet- 
ing of the American Chemical Society, Chicago, Rlinois, April, 1948. 

* This work was undertaken as part of a project, “Phase Studies of Greases,” sponsored 
by the CMfice of Naval Research. 
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temperature, and finally quenched in a freezing mixture of solid carbon dioxide 
and ethyl alcohol. This elaborate mixing technique is required to insure uniform 
distribution of the components, since all the anhydrous samples are extremely 
viscous even at high temperatures and are also subject to decomposition. 

Diffraction patterns were obtained with the North American Philips Com* 
pany x-ray spectrometer as previously described (11). Almost all patterns were 
obtained in duplicate, primarily to check the reality of faint lines almost lost in 
the background fluctuation. Samples for x-ray examination were made by 
pressing about 0.3 g. of the prepared mixture described above into a 15-mm. hole 
in a glass microscope slide, and smoothing the surface by passing a second micro* 
scope slide over the surface under gentle pressure. In dilute systems cetane 
is exuded in this process. Since this is cetane held loosely in large capillary 
spaces, its loss would not be expected to affect the diffraction pattern except in 
the intensity of the cetane halo relative to other lines in the pattern. That the 
pattern is substantially independent of the amount of cetane lost, provided the 
soap is not subjected to sufficient pressure to deform the soap lattice, has been 
directly verified by experiment. In the most dilute systems (10 per cent soap), 
and also for liquid cetane, the slide was covered ivith a film of polystyrene 0.0015 
in. thick. This was sealed to the slide with a drop of acetone before filling so that 
covered samples were not smoothed off on the surface but merely pressed smooth 
against the polystyrene film. 

Visual examination of the samples in the glass tubes in which they were pre- 
pared was conducted during heating, at dry ice temperature, and after warming 
to room temperature, supplemented at the latter temperature by observations of 
consistency and texture during preparation of the samples for x-ray analysis. 
Microscopic examination was made between crossed polaroid pieces at a magni- 
fication of 120 diameters. All samples were examined microscopically after 45 
days^ aging at room temperature as well as shortly after preparation. 

RESULTS 

Visual observations 

Room temperature mixes of calcium stearate with cetane change gradually 
from fluid dispersions of soap in the solvent (which wets it), from which the soap 
readily sediments, to uniform pastes to *‘dry’’ powders in which the solvent has 
fully disappeared into interparticle spac*es. There is no tendency for the soap 
to swell in the solvent nor, although no quantitative measures of sedimentation 
volume were made, is there any marked tendency to form a gel structure. The 
same is true of samples which have been equilibrated at 100°C. 

As the samples are heated, transformation begins to o(*cur, yielding an ex- 
tremely viscous, translucent material. This change begins at about 105-1 13°C., 
depending on the soap content; little further decrease in opacity occurs above 
130*^0. in all samples up to and including 78.8 per cent soap. Samples containing 
from 63.6 to 78.8 per cent soap are markedly clearer at 130°C. than either more 
dilute or more concentrated systems. On continued heating the only detectable 
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change is a gradual increase in fluidity, up to even 300°C., except that the very 
conc^trated systems (87 per cent) become somewhat less opaque, reaching a 
static condition at least by 160°C. 

The samples heated to ISO^C. or higher have all undergone conversion to a 
■“solution” phase in which the crystalline soap lattice is altered or destroyed, 
with the incorporation of cetane into or between soap “micelles” to form a 
^1. The object of the visual examination of the quenched samples was to as- 
certain whether any diflerences in the reversibility of this transformaticm could 
be seen as a function of soap composition or the temperature from which the 
samples were quenched. 

At dry ice temperatures the more dilute systems (up to and including 24 per 
cent) are white and opaque, but clear to translucent gels on warming to room 
temperature. This change is undoubtedly due to the freezing and re-melting 
of free cetane. Between 28 and 41 per cent the samples are only slightly more 
opaque at dry ice temperatures than at room temperature. This can be cor- 
related with their smaller content of free cetane. Between 49 and 79 per cent the 
samples are very translucent even at dry ice temperatures, while above 79 per 
cent they are again considerably whiter and more opaque. 

At room temperature all samples containing up to and including 57.5 per cent 
soap are translucent gels from which more or less free cetane exudes sponta- 
neously or on slight pressure, the amount of this decreasing with increasing soap 
content. None could be detected in the 49 per cent sample, but a trace was 
noted in the 52.6 and 57.5 per cent samples during preparation of the x-ray 
sample. Although homogeneous in appearance these systems were soft and 
non-coherent and spread easily under the sUde to give a smooth, slightly whitish 
surface. In addition to the absence of free cetane, samples between 63 and 79 
per cent soap were very much clearer than the less concentrated group and 
formed discrete lumps of plastic gel which pressed into a translucent waxy 
surface. The two most concentrated, at 73.2 per cent and 79 per cent, disinte- 
grate on slight working to a highly electrically charged powder; particles have 
been observed to fly apart a distance of several inches in air. This effect is 
striking and in its acute form confined to this narrow composition range, al- 
though some tendency to produce charged particles by rubbing was foimd also in 
all samples above 79 per cent soap. The two samples at 84.2 and 87 per cent 
were turbid in appearance and glassy in texture at room temperature. The most 
concentrated sample, 94.9 per cent soap, was a white granular solid. 

Summarizing these results, it is seen that at room temperature the samples 
prepared by quenching from 100°C. are not distinguishable from room tempera- 
ture mixes. Samples quenched from or above fall into groups of some- 

what different appearance as follows: 10-24 per cent; 28-57.5 per cent; 63.6-70 
per cent; 73-79 per cent; 84-87 per cent; 95 per cent. In all except the most 
ccmcentrated, the appearance at room temperature after quenching is similar to 
the ai^arance at elevated temperatures, indicating that if recrystallization has 
occuiT^ the individual particles are sufficiently small to yield a translucent 
^1 or ii^ass. 
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Microscopic observations 

Samples for microscopic observation were made by transferring a bit of gel to a 
microscope slide, covering it with a (‘over glass, and pressing the latter down 
firmly. That this technique induces s(3me orientation of the soap particdes in 
dilute systems is made evident, by concurrent examination of the blob before 



Fuj 1 Typical microscopic appearances of samples of calcium stearate in cetan(‘ 
(pn*nch(‘d from various temperatures (crossed polaroids, 120 X ) ’ (a) from 1(K)°C. ; 69 per cent 
calcium stearate; anisotropic, partly oriented fibers; (b) from 16(fC\; 3S per ctmt calcium 
st(*arafe; optically homogeneous, variously oriented, anisotropic gel fragments; (c) from 
13(r(\, 49 per cent calcium stearate; spongy soap network with a fe\\ gel fragments; (d) 
from 13()®(^; 87 per cent calcium stearate; optically inhomogeneous anisotropic glass; the 
left-hand field was photographed with the polaroids not quite crossed. 

covering. Those observations had for their purpose confirmation of the com- 
position groups observed visually and further characterization of the differences 
between groups. 

Typical appearances are shown in figure 1. All the room temperature mixes 
and the samples quenched from 100°C. resemble figure la. They show a uniform 
dispersion of fine, fibrous particles in an isotropic medium. In dilute systems. 
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particularly those quenched from 100°C., the individual fibers can be seen to 
extinguish at intervals of 90° as the sample is rotated between crossed polaroids. 

All samples between 17 and 57.5 per cent soap quenched from 130°C. or above 
resemble figure lb. They consist of gel fragments which are doubly refracting 
and variously oriented so that some are bright and some are extinguished at each 
setting of the rotating stage between polarizer and analyzer. Rotating the 
sample changes bright areas to dark and vice versa. Samples quenched from 
13()°C. and containing between 28 and 57.5 per cent show in addition a superposed 
network of dull white or yellow soap (exemplified in figure Ic); moreover, the 
gel fragments show striations indi(;ative of optical inhomogeneity or internal 
strain. In the samples in this range quenched from 160° and 220°C. this ap- 
pearan(*e is absent. The amount, of bright gel fragments decreases and the 
amount of the duller material increases as the soap concentration increases. 
In the 63.6 per cent sample almost all the bright fragments have disappeared. 

Samples between 69.7 and 87.0 per cent soap quenched from 130°C. or above 
resemble figure Id. They are composed of glassy fragments which contain 
within each individual variously oriented portions of doubly refracting material, 
so that the areas of light and dark in each particle change as the sample is rotated. 
The fragments also differ characteristically in shape from the gel fragments in 
more dilute systems, as can be seen in figures lb and Id, and are usually much 
larger in size. The 69.7 per cent system still contains a considerable amount 
of dull material as in figure Ic, but the more concentrated ones consist, ex(*lus‘vely 
of the bright glassy fragments. 

The most con(;entrated sample (94.9 percent soap) (pienched from 13()°(^ is a 
mixture of the glassy fragments and fibrous particles similar to those seen in the 
room temperature mixes. 

The composition groups identified in the samples directly after (pienching 
from 130°C. are thus 17-24 per cent, 28-57.5 per cent, 63.()-7() per cent, 73-(S7 
per cent, and 95 per cent. In the first group are the gel fragments of figure lb. 
The second group (contains mixtures of soap in two forms, one being the gel 
fragments and the other the dull whitish material. The two samples in tin* thirfl 
group both contain considerable amounts of soap in this latter form, and also a 
smaller amount of bright fragments which are not clearly like either “ger* or 
‘‘glass.” The fourth group is composed principally of glassy fragments, whiU‘ 
the last contains these plus soap in its fibrous crystalline state. 

Effect of aging on the microscopic appearance 

On standing at room temperature for 6 weeks both the samples containing 
homogeneous gel fragments and glassy fragments had begun to form more opaque 
solid soap. In the former, the particles had shrunk and exuded cetane leaving a 
spon^ net of soap particles, while in the latter individual particles retained their 
original outlines. The extent of the crystallization process was greater in the 
dilute systems (17-24 per cent) than in more concentrated ones, and greater in 
systems quenched from 130°C. than in those quenched from higher temperatures. 
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InterpretMion of the x-ray diffraction patterns 

Diffraction patterns for three representative sets of samples are given in 
figures 2-4. In these curves the intensity of the diffracted x-rays is given as a 
function of diffraction angle (twice the Bragg angle). The abscissa, however, is 
marked in Angstrom units for ready reference. 

These patterns are used qualitatively to determine if the presence of the 
solvent has effected any modification in the behavior established for the solvent- 
free soap quenched from the same temperature, and whether or not binding of 
the cetane in the soap gels affects its diffraction pattern. Differences in the soap 
pattern are to be related to varying degrees of undercooling or to varying degrees 



130 *^ 0 . 


of lattice imperfection in the recrystallizied soap. It is desired to determine 
whether these differences fall into composition groups that can be correlated with 
the visual and microscopic observations and used to derive information about 
the state of the systems either at room temperature or at the temperatures from 
which the samples w^ere quenched. 

On all the curves a series of peaks occur at small diffraction angles correspond- 
ing to successive orders of a single ‘‘long spacing,” roughly twice the length of 
the stearate ion. In highly crystalline samples these peaks are sharp and intense. 
The long spacing can be determined with a mean deviation of =1=0.3 A. from 
successive orders on any one pattern and =1=0.05 A. between average values on 
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Fig. 3. X-ray diffraction patterns of samples of calcium stearate in cetane containing 40 
per cent calcium stearate, quenched from various temperatures. 



Fio. 4. X-ray diffraction patterns of samples of calcium stearate in cetane containing 60 
per cent calcium stearate, quenched from various temperatures. 

duplicate runs. In samples quenched from elevated temperatur^i, where the 
pe^ are less intmise and cmly two or three orders are available, the precision is 




PROPERTIES OF STSTEMS OF CALCIUM STEARATE 1431 

iiaturally lower, averagiiig =fc0.4 A. from successive orders on any one pattern 
and drO.16 A. on duplicate mns. Variations in the magnitude of this spacing 
between 48.6 and 51.2 A, are observed. The variations are to be interpreted as 
due to differences in the angle at which the axis of the hydrocarbon chain is 
tilted relative to the planes containing the terminal polar groups which, in turn, 
may be due to the presence of the soap in varying phase states or to different 
degrees of distortion of the crystal lattice produced by quenching samples from 
different phase states. The intensity and sharpness (half,-width; i.e., angular 
width of the peak at half its maximum intensity) of the peaks are also reproducible 
and are a measure of the degree of crystallinity of the samples. 

All the curves also show an intense peak at a Bragg spacing of 4. 1-4.2 A. 
which is associated with the separation of parallel hydrocarbon chains in the 
calcium stearate lattice. This is reproducible in duplicate runs to well within 
±0.01 A., even in samples where the peak is broad and partly overlapped by the 
halo due to liquid cetane. Variations in its magnitude of up to 0.15 A. are 
obser\’’ed. Very great variations in its sharpness provide a major criterion for 
degree of crystallinity of the sample. 

Many of the curves also show a broad halo centering at 4.66 A. due to liquid 
cetane. The position is not affected by the amount of cetane in the system, 
showing that the liquid must be regarded as essentially free. The intensity of 
the halo decreases with decreasing cetane content, but its exact point of dis- 
appearance is difficult to determine, since it overlaps the 4.1 A, soap peak when 
the latter is broad and also the eleventh order of the long spacing. 

Highly crystalline samples show two groups of weaker diffraction bands 
at Bragg spacings of 3.7“3.9 A. and 2.1-2.2 A. Wlien the pattern is sharp these 
can be determined with considerable precision. When it is diffuse, they are 
difficult to locate. The first group appears as barely resolvable shoulders on the 
side of the peak at 4.1 A,, and the second as a single faint irregular halo. No 
weiglit has been attached to their exact position but their presence or absence is a 
valuable index of the crystallinity of the sample. 

X-ray results on room temperature mixes and samples quenched from lOO^C, 

Table 1 presents the diffraction data for room temperature mixes of (jalciura 
stearate with cetane and also for pure anhydrous calcium stearate (dried to 
constant weight at llO^C.). The patterns all closely resemble the lower two 
curves of figures 3 and 4. The results with samples quenched from 100°C. are 
identical with those of room temperature mixes, except for a slight increase in 
the sharpness of the patterns. It is evident that the pattern is that of unaltered 
calcium stearate on wiiich the pattern of liquid cetane is superposed with dimin- 
ishing intensity as its amount decreases until it l>ecomes undetectable (in the 
87 per cent system). The long spacings are identical within ±0.16 A. (mean) 
and the short spacings within at most ±0.01 A. at room temperature and also 
at 100°C.; therefore solvent and soap are completely inert towards each other. 

It is interesting that the absolute intensity of the pattern is greatest when the 
soap is mixed with a substantial amount of cetane (about 60 per cent), this 
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presumably leading to favorable conditions for orienting the soap in the sample 
mount. It is this increased intensity which leads to positive identification of a 
larger number of weak short pacings in the cetane-containing systems than in the 
dry soap. Since these spacings are here so readily apparent in dilute systems it is 
reasonable to conclude that when they are absent the soap mu^ have imdergone 
a change rather than to attribute their loss to diminished intensity resulting from 
low soap content in the system. 


TABLE 1 


X-ray diffraction data for room temperature mixes of calcium stearate in cetane 


FEB CENT CALCIUM SIBABATE . . . . 

1 20.0 

1 38.5 

68.5 

86.6 

100* 

Long Spacing, A . . . . 

50.15 

50.24 

50.59 

50.35 

50.0 

Number of orders visible 

5 

7 

6 

7 

6 

Intensity, 3rd orderf — 

35 

98 

53 

65 

50 

Relative intensity, 3rd 



I 



order ^ 

1.00 

1.00 

1.00 

1.00 

1.00 

Principal side spacing, A 

4.101 

4.112 

1 4.110 

4.108 

4.14 

Relative intensity . 

0.40 

0.37 

0.49 

0.43 

0.94 

Cetane halo — spacing, A 

4.66 

4.66 

4.66 

Absent 

Absent 

Relative intensity 

0.46 

0.15 

0.09 



Other side spacings A 

3.979(0.05) 

3.971(0.03) 

3.958(0.06) 

3.965(0.05) 

3.96(0.10) 


3.669(0.11) 

3.679(0.07) 

3.680(0.11) 

3.673(0.09) 

3.70(0.24) 



3.490(0.02) 

3.517(0.06) 

3.500(0.05) 

3.58(0.08) 




2.486(0.04) 

1 2.480(0.03) 




2.355(0.03) 

2.363(0.06) 

2.357(0.06) 



2,199(0.06) 

2.199(0.03) 

2.202(0.11) 

2.202(0.09) 

2.22(0.06) 



! 2.124(0.02) 

2.123(0.04) 

2.124(0.03) 




2.062(0.12) 





* Values from reference 1 1 . 

t In this and subsequent tables “intensity” is reported as the height of the given peak 
above the background in arbitrary units which, however, arc roughly comparable from 
run to run. Relative intensity is the height of the given peak relative to that of the most 
intense peak in the given pattern. 

t Number in parentheses gives relative intensity. 


X-ray results on samples quenched from 130° C. 

Table 2 presents the diffraction data for samples quenched from 130°C., while 
figure 2 contains representative members of the original set of nineteen curves. 
It has already been pointed out that these samples all undei^o phase transforma- 
tions between 100° and 130°C. and are, after quenching, in unstable states which 
can be divided into groups by composition on the basis of visual and microscopic 
observations. In the x-ray data, confirmation of the reality of these groups is 
sought and also some insight into the nature of the room temperature states 
produced in each. 

The solvent-free soap is itseff imperfectly crystallized on quenching from 130°C. 
Its l(Hig spacing is increased in value (by almost 1 A.) and diminished in in- 
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X-ray diffraction data for samples of calcium stearate in cetane quenched f rom 1S0°C. 
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tensity. The side pacing of greatest intensity is di^tly increased but is still 
sharp and intense and several weaker short spacings are conqticuous. Sub> 
stantially the same behavior is foimd for the i^ystem with 95 per cent soap. 

The group of samples between 17 and 24 per cent calcium stearate, which 
resemble each other in visual appearance, also have similar x-ray patterns. Hie 
long spacing is significantly larger in magnitude than for the room temperature 
mixes (60.8 ccnnpared to 50.3). In this respect it resembles the solvent-free 
soap quenched from temperatures between 125° and 150°C., but the intensity 
is much lower. The principal side spacing is a ivide intense halo and additional 
side pacings appear as faint shoulders on this peak, as in solvent-free calcium 
stearate quenched from temperatures above 150°C. The magnitude of the 
principal side spacing (4.21) is much larger than in room temperature mixes 
(4.11). The cetane halo is very conspicuous. 

The group of samples between 28 and 57.5 per cent calcium stearate is sharply 
set off from the more dilute group by the fact that the long spacing is shorter on 
the average (50.0 A.). The principal side spacing is also 0.03 A. shorter. The 
effect of dimini^ed cetane content in the diminishing intensity of its diffraction 
pattern is also evident, though it is still conspicuous. The intensity of the long 
spacing peaks is still low, and the peak at 4.18 A. wide, although additional side 
spacings are visible as shoulders on it. 

The two samples at 63.6 and 69.7 per cent have more intense long spacings out 
of all proportion to their increased soap content, while the relative intensity 
of the cetane halo is sharply decreased. In these samples also, alone among all 
those quenched from 130°C., there is no discernible trace of additional side 
spacinp. 

The remaining four samples, varying from 73 to 87 per cent soap, are similar to 
each other in that the long spacing is quite conspicuous, with up to five orders 
being measurable. Likewise, they are similar in that the cetane halo is barely 
discernible and in that the principal side spacing, with a value of 4.16 A., has 
distinct shoulders corresponding to additional side spacings in the region of 3.5- 
3.9 A. At 79 and 84 per cent traces of bands in the vicinity of 2 A. are also 
apparent. However, both the 84 and the 87 per cent systems have patterns suffi- 
ciently different from the group as a whole to warrant setting them apart from it. 
Both have a very short long spacing (49.3-49.4 A.). Also the pattern of the 
84 per cent ^rstem is exceedingly sharp compared to either the 79’or the 87 per 
cent system. This is evident even in the reductions in figure 2. 

X-ray diffraction paUerm of systems quenched from 160°, SS(f, and higher 

temperatures 

Data for these systems are presented in table 3. Selected representative 
curves are given in figures 3 and 4. Solvent-free calcium stearate, quenched from 
any temperature above 150°C., shows only a ^gle broad peak (at about 4.13- 
4.14 A.) plus traces of additional side spacings and very weak and diffuse long 
spacing which decrease somewhat as the quenching temperature is raised above 
220°C., being 60.3 A. at 225°C. and 48.2 A. at 320°C. (11). All of the systems 
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containing cetane resemble the solvent-free soap qualitatively, with the cetane 
halo superposed and distinctly visible up to about 70 per cent. The long spacing 
is nowhere elongated as in dilute systems at 130°C. ; in the few systems quenched 
from 260°C. its ^ortening is evident. The principal side spacing tends to be 
larger with both increasing temperature and increasing cetane content. It is 
noteworthy that residual traces of side spacings could be found in all these sam- 
ples, even though at 130°C. in 69 and 73 per cent systems none were discernible. 


TABLE 3 

X-ray diffraction patterns of samples quenched from IGO^'C. and higher temperatures 


CALCIVM 

STFAEATK 

QUENCHING | 
TEICPESA- 1 
TUEE 


LONG SPACING 

i 

1 

j 

PRINCIPAL SIDE 
SPACING 

CETANE 
HALO > 

A. 

Number 
of orders 

Intensity 1 
3rd order 

Relative 1 
Intensity , 

A. 

Relative 

intensity 

Relative 

intensity 

per cent 

“C. 
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* These samples were made from a technical calcium stearate (Preparation IV’' of refer- 
ence 11) which, however, had substantially the same diffraction pattern as the pure soap. 


Composiiion groups from x-ray diffractimi data 

For the samples quenched from 130°C., composition groups 17-24 per cent, 
28-57.5 per cent, 63-87 per cent, and 95 per cent can be clearly identified. The 
first group is characterized by an elongated long spacing, enlarged principal short 
spacing, and very prominent cetane halo. The second group is differentiated 
from the first by the lesser value of the long spacing and the principal side spacing, 
and by the lesser intensity of the cetane halo. The third group is not entirely 
homogeneous nor so sharply set off from its predecessor. There is a drop in the 
intensity of the cetane h^o, and an increase in long spacing intensity, and also 
a loss in definition of the side spacings on passing from 57.5 per cent soap to 
63.6 per cent soap. The 69.7 per cent sample is not greatly different from the 
63.6 per cent. The 73 and 79 per cent samples are similar to each other but are a 
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little bit shaiper than the 63-69.7 per cent group. Hie 84 per cent sample gives 
a much sharper pattern, differ^tiated from its predecessors also by a shortwed 
long spacing. The shortened long spacing persists in the 87 per cent system but 
the sharpness of pattern has disappeared. The 87 per cent and 95 per cent 
systems are sharply differentiated, the latter giving substantudly the same 
pattern as solvent-free soap. 

X-ray diffraction paUema of slowly cooled samples 

The pertinent features of the diffraction patterns of a ievt samples which were 
cooled from elevated temperatures at a mean rate of O.SVkiIq- sre assembled 
in table 4. It would be expected that slow cooling would result in a greater 
degree of recrystallization. That this occurs can be seen easily by inspection <rf 


TABLE 4 

X-ray diffraction patterns of systems of calcium stearate and cetane 
cooled slowly* from various elevated temperatures 


ns» CEKT CMCWM 8TEABATB 

47.6 

57.3 

86.5 

Temperature, ®C 

170 

200 

207 

Long spacing, A 

49.37 

48.48 

49.88 

Intensity, 3rd order 

11 

15 

18 

Relative intensity, 3rd order . 

0.27 

0.41 

0.35 

N umber of orders visible . 

4 

5 

5 

Principal side spacing, A. . . 

4.152 

4.120 

4.125 

Relative intensity . . 

1.00 

1.00 

1.00 

Cetane halo, relative intensity . . 

0.25 

0.15 


Additional side 8pacing8,tA. . . . 

3.94(0.37) 

3.909(0.32) 

3.700(0.16) 

3.957(0.22) 

3.684(0.15) 

3.497(0.07) 

2.459(0.04) 

2.330(0.06) 


* Mean cooling rate O.SVmin. 
t Numbers in parentheses give relative intensities. 


figure 5, which shows two pairs of samples, cooled slowly and quenched from 
nearly the same temperatures. Except in the most dilute system (which had to 
be covered and whose pattern is therefore not directly comparable), short spac- 
ings in addition to the major one at 4.1 A. are quite evident. The principal »de 
spacing remains somewhat wider than in fully crystalline samples, and has a very 
di^tly enlarged value. 

Hie long spacing tends to be shorter than for the solvent-free soap. This is 
scarcely true at 86.5 oer cent, but cannot be ignored at 47.6 per cent (49.4 A.) and 
57.3 per cent (48.5 A.). 

Effect of water 

Figure 6 shows the diffraction pattern of two samples of calcium stearate- 
cetane ey^«ms of 15-17 per cent soap content quenched from 200®C., to one of 
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which sufficient water was added (before heating) to just convert all the soap 
to calcium stearate monohydrate. In addition to showing values of the spacings 
characteristic of the hydrate, the pattern of the hydrous system is markedly 
sharper. The halo due to liquid cetane, on the other hand, is equally intense and 
in the same position for both samples, showing that the cetane in the hydrous 



Fig. 5. Effect of rate of cooling on the diffraction pattern of samples of calcium stearate 
in cetane: a, cooled at a mean rate of O.SVmln.; b, quenched (> 100®C./min.). 



Fig, 6. Effect of water on the diffraction patterns of quenched systems of calcium 
stearate in cetane. 

system is still free, despite the fact that the opaque gel formed is substantially 
non-syneretic. 

Effect of pressure on the diffraction pattern 

Table 6 shows the results obtained on a system containing initially 16.5 per cent 
of calcium stearate in cetane, quenched from 130°C., from w’hich cetane had been 
expressed by nitrogen gas pressure leaving a residue containing 32.6 per cent 
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-calcium stearate. It is apparent that even the 10 p.s.i. mployed has had a 
pronounced effect on the structure of the gel, since the long pacing and principal 
side spacing are both decreased substantially. The increased intensity of the 
long spacing and the fact that a weak side spacing at 3.48 A. is found instead of 
one at 3.8 A. may be due to effecting some sort of preferred orientation in the 
pressed cake. The line at 3.48 A. is close to a line of calcium stearate mono- 
hydrate. This latter would not be expected to form under the conditions of the 
■experiment from crystalline calcium stearate, since its formation is slow even 
with soap suspended in warm water (60°C.) (11). The pure glassy soap hydrates 
more readily, but if the hydrate had formed one would expect also conspicuous 
lines at 3.9 and 4.4 A., even thou^ the latter might be hard to resolve from the 
cetane halo. Consequently the observed changes are attributed directly to 
mechanical deformation of the soap lattice. 

TABLE 6 


Effect of expreeeing cetane under 10 p.e.i. from a sample quenched from ISO^C. 


PEX CENT CAXCIUM STEAXAXB 

32.6 

17.2 

33.5 

Treatment 

Pressed from 

16 -6 per cent 

UnpresBcd 

Unpressed 

Long spacing, A 

49.53 

50.55 

49.70 

Number of orders visible 

4 

2 

2 

Intensity, 3rd order 

10 

5 

4 

Relative intensity, 3rd order . . 

0.21 

0.12 

0.14 

Principal side spacing, A 

4.162 

4.208 

4.173 

Relative intensity 

1.00 

0.67 

1.00 

Cetane halo, relative intensity . . 

0.68 

1.00 

0.80 

Additional side spacings, A. . . . 

3.480 

2. ? (wide halo) 

3.839 

3.795 


DISCUSSION 

The preceding data permit deduction and evaluation of some hypotheses 
about the nature of the interaction of calcium stearate and cetane both at room 
temperature and at higher temperatures. 

Smith and McBain (10) have presented phase diagrams for sodium stearate 
in a number of light hydrocarbons, while Void, Philipson, and Dosoher (3, 12) 
have studied sodium stearate and cetane. Both groups recognize the existence 
of a complex series of phases occurring as solvent-free sodium stearate is heated, 
many of which cannot dissolve much hydrocarbon without transformation, and 
above 100°C. of two liquid crystalline phases containing both soap and solvent 
and stable over wide ranges of temperature and composition. Doscher and 
Yoldihnd that one of these is the solvent-free superwaxy phase of sodium stearate, 
which can incorporate large amounts of cetane, whereas neither of the binary 
liquid otystalline phases of Smith and McBain is continuous with any form of 
aolvent-lree sodium stearate. 



FBOPERTIES OP SYSTEMS OP CAIiCIUM STEARATE 


1439 ' 


A very different picture is presented by Lawrence (7), who postulates that 
there exists in the solvent-free soap a single ''plastic'' phase intermediate between 
crystal and liquid, and a single "gel phase" in soap-oil systems. In the absence 
of "peptizing agents" the gel phase is said to form, independent of composition, 
at the same temperature, T 2 , at which the pure soap becomes plastic, and to melt 
at the melting point of the pure soap, Ti. Gels and greases can then be formed 
in soap-oil systems only under conditions such that the soap is in the "plastic" 
form. That this picture is oversimplified is clearly shown by the present data. 

Phase state of calcium stearate in cetane at room temperature 

Systems prepared by mixing at temperatures up to 100°C. show merely the 
unaltered diffraction patterns of crystalline calcium stearate and liquid cetane. 
Hence, the soap and oil must be completely inert to one another under these con- 
ditions, in accord with the physical appearance, and also with Lawrence's 
view that gels do not form if the soap is in the crystalline state. Since solvent- 
free calcium stearate undergoes transitions at 65'' and 86°C. (11), it must be 
concluded that these do not permit sufficient loosening of the lattice to result 
in its penetration by cetane. 

Systems prepared by quenching from 130°C. exhibit different appearances and 
diffraction patterns depending on the composition. The more dilute systems are 
clear or turbid gels, while the more concentrated are white and wax-like except 
the most concentrated, which are granular solids like the solvent-free soap, the 
changes in both visual and microscopic appearance agreeing quantitatively with 
the compositions at which changes occur in the diffraction pattern. Samples 
containing 24 per cent soap or less (17 per cent was the most dilute examined) 
show a long spacing nearly 1 A. larger, and a principal side spacing about 0.1 A. 
larger, than those of solvent-free crystalline soap. Samples containing 28- 
57.5 per cent soap show, on the average, a shorter long spacing, nearly equal to 
that of the pure soap and a principal side spacing shorter than for more dilute 
samples but still about 0.05-0.06 A. greater than for the pure soap. Sampler 
containing 63-87 per cent soap show patterns somewhat different from one 
another (particularly between 79 and 84 per cent) and from those from more 
dilute and more concentrated systems. The pattern for a sample containing 
95 per cent soap is identical with that of the pure soap quenched from the same 
temperature. In addition to differences in spacing, the diffraction patterns show, 
to varying degrees, reduction of intensity and sharpness of the long spacings, and 
broadening or disappearance of the side spacings. In all but the 95 per cent 
system (and possibly the 87 per cent one) an unaltered halo like that of liquid 
cetane is present. 

These observed differences in diffraction pattern may result from different 
soap phases at room temperature. The precise nature of the ultimate structural 
differences, and whether these should, in fact, be classified as differences of phase 
in the Gibbsian sense, is a matter of speculation. Variations in the long spacing 
may be brou^t about by change in the mean angle at which the hydrocarbon 
chains are tilted with respect to planes containing the calciiun ions and carbox* 
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ylate groups. Variations in the principal short spacing may be brou^t about by 
changes in the way in which the parallel chains are packed. 

The differences in intensity and sharpness are due to differences in regularity 
of the packing. Broadening of the lines may be due to intrinsic lack of order in 
the arrangement characteristic of the given phase, to crystal imperfection 
consequent on the quenching technique, or to very small crystal size. Differ- 
ences in spacing may be due to retention of cetane within the soap lattice. 
Cetane molecules lying roughly parallel to stearate ions would be expected to 
alter the mode of packing of the chains, probably increasing the principal ade 
spacing. It is also possible that the decreased intensity and sharpness of the 
long spacings result in part from irregular displacements of the stearate chains in 
an axial direction to make holes in which cetane molecules could be accommodated 
cross-wise to the axis of the stearate ions between terminal methyl groups. 
Whether the mean spacing is increased or decreased as a result would depend 
on how the angle of tilt is affected. 

The phases found at room temperature in quenched samples are metastable; 
changes in microscopic appearance occur over periods of a few days to several 
weeks. However, it is to be expected that they could be stabilized through 
appropriate additives. 

Samples which were cooled slowly rather than being quenched from elevated 
temperatures showed sharper lines, more intense long spacings but without 
change in value, and smaller values of the principal short spacing than the 
quenched samples. These differences are probably due partly to increased 
perfection of the crystallites, and partly to a greater extent of recrystallization 
of the high-temperature phases. 

The few^ samples quenched from temperatures of 160®C. or above show'ed 
diffraction patterns all alike with very weak long spacings, broad intense principal 
short spacing, imaltered cetane halo of varying intensity, and traces of additional 
side spacings. This may mean that the phase differences in the soap at 130°C. 
responsible for the differences observed at room temperature in quenched 
samples do not persist at 160°C. However, the number of samples examined 
after quenching from temperatures above 130°C. is not adequate to warrant this 
conclusion. It seems more likely that at least some of them do persist but in 
unexplored composition ranges. 

Phase slate of ccdcium stearate in cetane at elevated temperatures 

Inference of the phase state of these ^sterns at the temperatures from which 
quenching occurred based on observations at room temperature depends on 
assuming that phase changes at intermediate temperatures are either slow or 
non-existent. For example, if two systems are different at room temperature 
after quenching from 130°C., they may have been (o) different at 130°C. and 
both undercooled; (6) the same at 130®C. but one underwent transformation at an 
intermediate temperature after which undercooling occurred; or (c) the same at 
130®C. but both underwent transformations at intermediate temperatures on 
cooling. However, phase changes in soap systems hardly seem likely to be rapid 
compared to cooling rates of 100°C./min. such as were employed in the quench- 
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ing. Consequently, it seems reasonable to assume that a phase difference at 
room temperature between two samples quenched from a particular temperature 
is to be associated with a phase difference existing at that temperature. 

It has already been pointed out that calcium stearate and cetane are mutually 
inert up to 100°C. despite transformations in the solvent-free soap occurring at 
65^ and 86°C. 

The next transformation of the pure soap (11) occurs at 125'^C., leading to a 
form (calcium stearate III) stable between 125° and 150°C. This form has a 
characteristic diffraction pattern at room temperature consisting of sharp lines, 
with a long spacing larger than that of calcium stearate VI (stable at room 
temperature). This pattern is found also for a sample containing 95 per cent 
soap quenched from 130°C. but not for the 87 per cent system. Therefore 
it can be inferred that at 130°C. calcium stearate III can dissolve 5 per cent 
cetane but not 13 per cent. 

Although the phase of calcium stearate (II) stable between 150° and 195°C. 
can probably likewise dissolve some cetane, it does not seem likely that it 
occupies a very wide field in the phase diagram. Instead, the number of com- 
position groups between which differences in visual and microscopic appearances 
and in diffraction pattern have been detected points to the existence of a liquid 
crystalline phase not continuous with calcium stearate II and containing 28- 
57.5 per cent soap at 130°C. 

The sequence of phases postulated to exist at 130°C. as cetane is added to 
calcium stearate is, in summary: 100-95 per cent, calcium stearate III; 87-84 
per cent, mixture of calcium stearates II and III; 79-73 per cent, calcium 
stearate II; 70-63.6 per cent, mixture of calcium stearate II and a new liquid 
crystalline phase; 57.5-28 per cent, liquid crystalline phase; 24-17 per cent, 
mixture of liquid crystalline phase and isotropic solution. 

Solvent-tree calcium stearate forms yet another mesomorphic phase (I) stable 
above 195°C., with which the liquid crystalline phase postulated at 28-57 per 
cent soap at 130°C. might be continuous. However, there is no observed differ- 
ence in diffraction pattern between solvent-free samples quenched from just 
above and just below 195°C., so that x-ray patterns of quenched samples cannot 
be used to shed light on this question. 

In the few samples quenched from 160° and 220°C. the very marked differ- 
ences between the various composition groups identified at 130°C. have dis- 
appeared. Particularly striking is the absence of a long long spacing in the 20 
per cent system and a short long spacing in the 87 per cent system, as found in 
samples quenched from 130°C. Consistently interpreted, this would mean that 
the phase state of the system was the same between 160° and 220°C. over this 
composition range, a condition which is not impossible. However, it is also 
possible that different phase states exist under these conditions of temperature 
and composition which do not yield different diffraction patterns after quenching. 

Disposition of the cetane in calcium stearate-cetane gels at room temperature 

It can be inferred from the given data that the cetane in gels of calcium 
stearate-cetane prepared by cooling from temperatures of 130°C. or above is 



1442 


BOBEBT D. VOIiD AND MABJTOBIE jr. VOIA 


held in at least three different ways. Some is present as free liquid in large* 
capillary spaces, as proven by the fact that it can be expressed under slight 
pressure and, in fact, exudes epontaneously as the samples age. Hie diffracticm 
patterns of such systems show the pattern due to liquid cetane, a single halo 
centering at about 4.66 A. superposed on that of the soap. S(»ne must still 
exist as liquid but immobilized in small capillary spaces or otherwise boimd,. 
since the halo characteristic of liquid cetane persists even in samples from which 
no liquid can be expressed by considerable pressure. Finally, the iricrease in 
magnitude the principal side spacing with increasing cetane content in systems 
quenched from 130°C. leads to the presumption that some cetane actually 
penetrates into the soap lattice. 

The stability of gels of calcium stearate and cetane 

On the basis of the above discussion it seems likely that gels of calcium stearate 
and cetane at room temperature comprise a network of soap particles which are 
crystallized only imperfectly, or may even retain configurations characteristic of 
phases stable at higher temperatures, and which may still contain some cetane. 
The bulk of the cetane, however, has been exuded and lies in capillary spaces from 
which it can be withdrawn more or less easily depending on the coarseness and 
rigidity of the soap network. These properties of the network change with 
time but it is not unlikely that such changes can be controlled by additives. 

The rigidity of the network is likely to be determined by several factors, 
including the size and shape of the soap particles, their intrinsic strength, their 
number (i.e., soap concentration), and whether the net is formed by interlacing 
of separate fibers or by their growing together after the manner of crystal twins, 
as found for sodium laurate fibers by Marton, McBain, and Void (8). Electron 
microscope photographs of Farrington and BirdsaO (4) show separate fibers or at 
most intertwined individuals. However, it is not impossible that branched 
fibers may have been present in the grease and destroyed in preparing the sample 
for observation in the electron microscope. 

It was observed that of gels prepared by quenching calcium stearate and 
cetane from elevated temperatures those giving the sharper diffraction patterns 
exuded liquid less readily (1). Although only tentative for anhydrous systems, 
this phenomenon is quite striking in systems containing small amounts of water. 
This suggests that individual fibers may be partly fused or grown together and 
that the network is stronger the more crystalline its nature. 

R6le of water in stabilizing soap gels in oil 

Although the fact that small amounts of water are very effective in stabilizing 
greases, particularly calcium greases, against “bleeding” or liquid loss is well 
known, the mechanism of the effect has remained obscure. Recently the stable 
existence of stoichiometric hydrates of three different calcium soaps has been 
established: i.e., calciinn palmitate monohydrate (5), calcium oleate dihydrate 
(6), and calcium stearate mondiydrate (11). The results in figure 6 of this paper 
show that the calcium stearate monohydrate does actually fonn in the oetwe- 
soap gd quenched frmn 160°C. 
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If the gel structure derives its strength only from mechanical entanglement of 
fibrils it is not apparent why hydrated soap should form a more oil-retentive 
structure than anhydrous soap, but if the particles are held together by as- 
sociative forces at various points, the strength of the net can readily be imagined 
to depend both on whether the particles are hydrates or anhydrous soap, and on 
the degree of perfection of the crystal lattice. It seems possible that one mecha- 
nism by which hydrate formation stabilizes grease structure is by permitting or 
fostering the development of more nearly perfect strain-free crystallites which 
may be able to form a stronger gel net. 

CONCLUSION 

It seems likely that the phase diagram approach offers one of the most promis- 
ing possibilities for achieving a genuine understanding of the complicated 
phenomena found with soap-oil systems. The stability and consistency of the 
grease appear to be functions primarily of the structure of the colloidal gel which 
enmeshes the oil but the possibility of developing such a structure, and its 
strength when formed, depend primarily on the phase state of the soap during 
processing and its rate of change with changing temperature, working, soap 
content, and number and kind of additives present. 

SUMMARY 

Calcium stearate is inert towards cetane at room temperature and at 100°C. 
Gels of calcium stearate in cetane prepared by quenching from more elevated 
temperatures differ from one another in the degree of perfection of molecular 
orientation in crystallites and in crystallite size, or alternatively in degree of 
undercooling of high-temperature phases. The observed differences fall into 
groups according to the composition of the samples and can be used to infer the 
phase state of the system at the elevated temperature from which quenching 
occurred. At 130°C. at least one anisotropic liquid crystalline phase is formed 
which has no counterpart, in the solvent-free system. 

The crystal lattice of calcium stearate in gels of the soap in cetane is highly 
imperfect, the extent of the imperfection or, conversely, degree of crystallinity, 
depending on the manner of preparation of the gel. It is suggested that greater 
stability is to be associated with a higher degree of perfection of individual 
crystallites in this particular system. 

It has been established that small amounts of water in gels of calcium stearate 
and cetane act to form calcium stearate monohydrate. The enhanced stability 
of the hydrous gels may be associated with the greater degree of crystallinity of 
the hydrate. 

The authors wish to express their appreciation to Mrs. Eleanor Lock, who 
assisted in the computation and derivation of the x-ray data from the original 
spectrometer curves. 
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USE OF ALUMINUM SOAPS AND OTHER FUEL THICKENERS 

IN GELLING GASOLINES’ 
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Technical Command^ Army Chemical Center ^ Maryland 
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INTRODUCTION 

Liquid incendiaries such as petroleum oils, carbon disulfide, wood-distillation 
products, and other inflammable liquids were tested during World War I. 
These materials all had the same drawback of excessive dispersion. To over- 
come this, the inflammable liquids were absorbed in some material such as 
cotton waste, but this method was only fairly satisfactory (26). During World 
War II this idea was revived and, based on development work, 14 per cent 
cotton waste saturated with 86 per cent of a 50/50 mixture of gasoline and fuel 
oil was suggested as a possible filling for the M69 incendiary bomb. Subse- 
quently, it was suggested that cellocotton be employed because of its greater 
absorptive capacity and its availability in sheets, which permitted better packing 
and negligible scattering on ejection from the bomb (33). This type of filling 
appeared to be equal to gelled gasoline with the exception of lack of adhesion (9). 
The main advantage claimed for it was that commercial gasolines could be used 
and specifications would not need to be closely drawn with respect to Reid vapor 
pressure and aniline point as required for gelled gasoline (23). 

METHODS OF SOLIDIFYING LIQUID INCENDIARIES 

Owing to the high degree of dispersion and consequent flash bum of liquid 
incendiaries, many materials have been proposed for use in solidifying liquid 
incendiaries. These are (17): 

^ Presented at the Symposium on Gel Formation, Detergency, Emulsification and Film. 
Formation in Non-Aqueous Colloidal Systems which was held under the auspices of the 
IM vision of Colloid Chemistry and the Division of Petroleum Chemistry at the 113th Meet- 
ing of the American Chemical Society, Chicago, Illinois, April, 1948. 
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(1) Fatty acid derivatives: 

(a) Aluminum, sodium, zinc, and ammonium salts 

(b) Lead salts of hydroxy acids 

(c) Sulfonated products 

(d) Amides 

(e) Fatty acids per se 

(f) Natural waxes 

(1) Nitrated waxes 

(2) Sulfonated waxes 

(3) Waxes perse 

(g) Anilides 

(2) Polyhydroxy derivatives: 

(a) Glycol compounds 

(1) Esters of fatty acids 

(b) Ethanolamine compounds 

(1) Esters of fatty acids 

(2) Compounds of mono-, di-, and tri-ethanolamine 

(c) Glycerol compounds 

(1) Saponified vegetable oil mixes 

(2) Nitrated vegetable oils 

(3) Vegetable oils per ee 

(d) Polysaccharide compounds 

(1) Lactose anhydride 

(2) Dextrins 

(3) Pectins 

(e) Cellulose esters 

(1) Ethyl cellulose (7-10 per cent) 

(2) Pulp 

(3) Resinous derivatives: 

(a) Natural 

(1) Alkali-treated resin 

(2) Shellac 

(3) Damar 

(4) Blast India fossil 

(5) African fossil 

(6) New Zealand fossil 

(b) Synthetic 

(1) Saponified polyaciylates 

(4) Hydrocarbon derivatives: 

(a) Paraffin 

(b) Synthetic rubber 

(c) Natural rubber 

(d) Salts of sulf(»iated petroleum fractions 

(e) Salts of naphthenic acid 
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(5) Inorganic derivatives: 

(a) Oiganoffilicon' ccanpounds 

(1) Esters 

(b) Bentonite 

(c) Oil shale 

Of all the materials listed above only a few were ever found practical for use in 
thickening incendiary liquids. These were: 

(1) Soditun stearate 

(2) Aluminum salts of mixed fatty acids and naphthenic acid 

(3) Polyacrylates 

(4) Rubber (natural and synthetic) 

This paper presents a review of the use of aluminum soaps of fatty acids as fuel 
thickeners. 


SOAP-THICKENED GASOLINES 

The first soaps considered for use as thickeners were the stringy aluminum 
ones. Aluminum naphthenate, oleate, and stearate were tested, but proved 
difficult to manufacture. All required cmnpounding at about 250®F. However, 
when the soap content was reduced to about 20 per cent these soaps could be 
mixed at about 150°F. This mixing required the use of pressure equipment, or 
the addition of considerable heavy oil. The alternative method of cold ball- 
milling would be very cumbersome. The soap had to be made by double 
decomposition and had to be washed for satisfactory resmlts. All of these soaps 
were found unreliable and difficult to use in grease making. In addition, the 
temperature susceptibility proved worse than that of rubber blends, causing the 
gum to melt and flash on ignition and to become vexy hard at — 40°F. Calcium 
soaps were also considered, though the product was not at all like a rubber blend. 
It was an old process to gel oils with a mixture of lime and rosin oil to produce 
“Sett” greases, and this could be done with gasoline. However, this type of 
soap was very thixotropic, and the gel atomized completely on explosion. About 
25 per cent of non-fuel material was required. 

Tests were also made on batches prepared by cutting back ordinary cup 
greases (made from the cooked soap of pork fat) to the consistency of a heavy oil. 
These products were found to be too fluid and gave a flash bum on explosion. 
A process was developed for making a Sett type of grease from fatty acids. This 
type was much less thixotropic than the rosin-oil mixtures, but more difficult to 
compound. A gel was made with 15 per cent preformed soap present, and the 
necessaiy lime was di^rsed in it. This grease was then dispersed in gasoline 
ly stirring, after which the fatty acid was added. Setting todc place in about 
2 hr. Hie ncm-fuel content was about 20 per cent. The tar-lime gels used Iqr 
the British were not investigated, because the vertical gas retort coal tar re- 
quired was not produced in sufficient quantities in this country (27). 
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Sodium Btearaie-gelled incendiaries 

Among the first materials tried in an attempt to thicken the liquid incendiary 
material suflSciently to improve dispersion was sodium stearate. This soap 
would not give a satisfactory product except with turpentine. Neither was it 
possible to solidify the incendiary liquid with oleic acid and sodium hydroxide^ 
but when stearic acid dissolved in the incendiary liquid was saponified by the 
addition of sodium hydroxide dissolved in 85 per cent or purer alcohol, excellent 
gels were prepared. Two or three grams of stearic acid per 100 g. of liquid 
incendiary was required to solidify the material satisfactorily (26). This 
method was also found satisfactory in the development of solid incendiary oils 
carried out in World War II, but the use of solid sodium hydroxide was un- 
satisfactory (12). 

The melted type of sodium soap gel was studied by several investigators and 
showed a number of advantages: It was easy to prepare, was of low non-fuel 
content, and melted sharply to a thin fluid so that it could be poured into cases. 


TABLE 1 
SOD formula 


INGSEDIENT 

WEIGHT 


per cent 

Stearic acid (or hydrofoil) 

3.4 

Rosin . 

1.8 

Cottonseed oil (castor oil) . . 

3.0 

Caustic soda 

1.1 

Water 

2.2 

Motor gasoline 

88.4 


Such a material, however, was a brittle gel which tended to bleed gasoline and 
required heating to about 130°F. during compounding. ‘This required either 
pressure equipment or the use of a high-flash, low-vapor-pressure fuel. Large 
amounts of alcohol were also required to lower the melting point, and no readily 
available substitute was found. This gel was also found to shatter badly on 
explosion and gave a flash burn unless a binder was added (27). 

The most satisfactory sodium stearate-thickened gasoline, designated as 
SOD Formula 122, had the composition shown in table 1 (31). 

Gasoline, No. 2 kerosene, fuel oil, or combinations of these could be simply and 
satisfactorily solidified in bombs without the use of heat by dividing the oil to 
be solidified into two equal portions. In one portion, 6 per cent stearic acid 
was dissolved; in the other portion was an equivalent amount of sodium hy- 
droxide dissolved in 95 per cent ethyl alcohol. These two mixtures were poured 
simultaneously into the bomb, and solidification took place immediately upon 
contact between the two streams (17). ‘ 
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Aluminum aoap thickeners 

These thickeners are aluminum salts of the saturated soap-forming fatty acids 
having eight to fourteen carbon atoms, an unsaturated soap-forming fatty acid, 
or a carbojgrlic acid containing a carbocylic ring (e.g., naphthenic acid), or 
mixtures of these. 

Aluminum stearate has certain disadvantages as a gelling agent because heat 
treatment is required for incorporation into the fuel and because the gels are 
hard and friable and lack the coherive and adhesive character desired in an 
incendiary fuel. Soaps of acids of lower molecular weight (e.g., aluminum 
laurate or myristate) may solvate fairly rapidly at ordinary temperatures but 
give gels which lack body, which tend to undergo i^meresis at low temperatures, 
and which are of generally inferior quality. 

As regards aluminum oleate, gelation cannot be accomplished in a simple 
manner without heating. Furthermore, oleate soaps tend to be rather weak, 
and excessive amounts are required to produce a given viscosity. 

The aluminum naphthenates are either resinous gums or low-melting solids. 
As thickening agents for hydrocarbon solvents these soaps have the disadvantage 
that the gelation of the fuel is not easily accomplished . Thus, although a resinous 
aluminum naphthenate can be processed by alcohol washing to give a product 
which will solvate at ordinary temperatures, the process is costly and the yield 
poor. Another method of processing a naphthenate to secure low-temperature 
gelation is by precipitation as the solid hydroxyaluminum soap. However, the 
melting point of the resulting product is so low that it may be difficult to avoid 
agglomeration of the material (8). 

From tests covering a wide range of aluminum soap gels, made from saturated 
and unsaturated fatty acids and naphthenic acids, it was concluded that (1) : 

(1) No class of aluminum gels was found to be free from instability. The 
results indicated both stable and unstable gels on every formula. 

(2) A gel of high concentration appeared to be more stable than one of 
lower concentration of the same formula. 

(3) There was some indication that an easily oxidized fatty acid led to an 
unstable gel. This, obviously, was not the whole explanation, as 
naphthenates also showed instability. However, the tendency to 
return to unthickened gasoline was more marked in oleate, cottonseed, 
and soya bean soaps, except crude cottonseed which contained lecithin. 
It appeared that oxidation might be a factor in instability. 

Mixtiues of aluminum soaps have been the most successful in producing 
incendiary gels. Among the most studied have been the “Napalm,” “Steolate,” 
and “W” soaps. 


NAPALM THICKENER 

The original Napalm polymer consisted of aluminum naphthenate which was 
heated to a maximum of 212°F., and then milled with a slurry of 50 parts by 
weight of aluminum palmitate and 100 parts of kerosene until homogeneous. 
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The resulting gum was then forced through a perforated iron plate with holes 
about J in. in diameter. The extruded strands issued into a tank containing 
the gasoline. The mixture was then circulated in the tank for 10 to 15 min. after 
the addition was complete. The thickened but still fluid material set into a gel 
in 5-6 hr. (16). 

The Napalm thickener finally adopted for incendiary use consisted of a 
granular base aluminum soap of naphthenic, oleic, and coconut fatty acids. 
The sodium soap used for the precipitation of the aluminum soap contained 
0.10-0.15 per cent a-naphthol. The recommended formula for the organic acids 
used in making the Napalm thickener was as follows: 

parts by weight 

Coconut fatty acids . . 50 

Naphthenic acid . 25 

Oleic acid 25 

The aluminum content of the finished thickener should .be from 5.4 to 5.8 
per cent, and the moisture content not more than 0.8 nor less than 0.4 per cent 
(19). 

A study of the effect of raw materials led to the following conclusions: Varying 
the composition of Napalm from the standard to a 2: 1 : 1 ratio of coconut fatty 
acids to oleic acid to naphthenic acdd indicated that the viscosity of the gel 
increased primarily with increase in oleic acid and, to a lesser extent, with 
increase in coconut fatty acids above the normal composition. The acid number 
of the (coconut fatty acids was found important. Iron was an undesirable im- 
purity when found in the alum but not in the acid (7). Impurities in Napalm 
thickener which may cause partial or complete breakdown of gels formed with 
gasoline, or oxidation of the thickener, include; excess water, lime, or caustic 
soda; soaps of sodium, copper, lead, iron, manganese, and cobalt; powdered 
or sheet zinc and lead; lead nitrate; rust preventives (containing amines, al- 
cohols, and all acids. Tetraethyllead, on the other hand, has no injurious 
effects (19). The fundamental reactions may be expressed as follows; 

ONaOH + 4HR + Al2(S()4)3 2A1(0H)R2 + 3 Na 2 S 04 + 4 H 2 O (1) 

ONaOH + 2HR + Al2(S04)3 2A1(0H)2R + 3Na2S04 + 2 H 2 O (2) 

The soaps may hydrolyze: 

Al(On)R2 + H 2 O A1(0H)2R + HR (3) 

A1(0H)2R + H 2 O A1(0H)3 + HR (4) 

Because of hydrolysis, AIR 3 does not form and fatty acid in excess of that 
required remains as such; 

6NaOH + 6HR + Al 2 (S 04)3 [2A1(0H)R2 + 2HR] + 3 Na 2 S 04 + 4 H 2 O (5) 

In the above equations HR denotes the mixture of fatty and naphthenic 
acids (11). 
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The possible fwmulas for ahmunutn soaps are complex. There is definite 
evidence of three chemical compounds: 

(1) The disoaps — Al(OH)R, 

(2) The monosoaps — ^Al(OH)jR 

(3) The acid disoap — Al(OH)RsHR 

There appears to be no evidence for the existence of the simple normal soap 
A1R». There may possibly be other soaps, and likewise there may be basic 
compounds, derived from aluminum hydroxide or mixed with fatty acid in 
colloidal form (22). 


NAPALM MANUFACTURE 

Three processes have been used successfully for the manufacture of Napalm. 
All are based on the aforementioned equations, but the mechanical details differ. 
In each process sodium hydroxide was added to the mixed fatty and naphthenic 
acids to form NaR. In the “tempered-alum” method no more sodium hydrox- 
ide was added than was required for the formation of NaR. The excess was 
added to the alum solution, as its equivalent in sodium carbonate. The alum 
solution containing the sodium carbonate was added to the alum solution. In 
the “one-stream” and “two-stream” methods all of the sodium hydroxide was 
added to the m i x ed fatty and naphthenic acids. In the “one-stream” method 
the alum solution was then added to the (NaOH ■+- NaR) mixture. In the 
“two-stream” method both the alum solution and the (NaOH -|- NaR) mixture 
were run simultaneously into water. The “one-stream” method was the one 
most widely used. 

If the mixture of coconut, oleic, and naphthenic acids has an acid number of 
240, the average molecular weight of HR is 233. The monohydroxy soap of 
equation 1 then contains 5.31 per cent of aluminum, while the dihydroxy soap of 
equation 2 contains 9.22 per cent. The mixture of free acid and monohydroxy 
soap of equation 5 contains 3.64 per cent aluminum. 

Napalm was specified in terms of the consistency of an 8 per cent gel in gasoline. 
Aluminum and the hydroxide parts of the soap are gasoline-insoluble, while R 
and HR are gasoline-soluble. The lower the aluminum content, the lower the 
OH content, and the higher the R and HR content. Hence, the lower the 
aluminiun content, the weaker the gel. 

Many other variables besides aluminum content affected gel strength. For 
instance, if some of the coconut acids were replaced by naphthenic acids, the 
acid number could be held at 240 and the aluminum content would remain 
unchained, yet the gel would be weaker. Moisture also affected gel strength 
markedly, without measurably changing the aluminum content. 

Hydrolysis also affected consistency more than it did aluminum content. 
Equations 3 and 4 illustrate this. The per cent aluminum of the monohydroxy 
soap c£ equation 3 is 5.31, while that of the mixture of dihydroxy so^ and free 
acid is 5.13. Even more marked is the result of equation 4, since the Al(OH )3 
would not gel at all, yet would analyse the same as duminum soap. 

Tlie HR was always converted to the sodium soap before the alum was added. 
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In equation 1, for instance, 4 moles of sodium hydroxide are used to form NaR, 
while 2 moles remain free. In equation 2, 2 moles of sodium hydroxide are 
combined, while 4 moles are free. Excess caustic is defined as follows: 


Excess caustic « 


free NaOH 

combined NaOH 


X 100 


The excess caustic is zero per cent in equation 5, 50 per cent in equation 1, 
and 200 per cent in equation 2. It is seen that the aluminum content of the 
soap was controlled by the excess caustic used in the preparation of the soap and 
that it may be calculated, since the two are related by the expressions; 

Per cent A1 = 3.74 + 0.031x, where x is less than 50 per cent^ 

Per cent A1 == 4.00 + 0.026x, where x is greater than 50 per cent 

Since excess caustic could be controlled by the formulation of the soda-soap 
solution, it was more useful than the aluminum content. This was especially 
true when the alum contained silicates, giving high aluminum content in the 
soaps which did not contribute to the gel strength. 

To manufacture Napalm with a gel strength between 500 and 800 g., the 
midpoint, or 650 g., was aimed for. 

Equations I, 2, and 5 require 1 mole of alum for 6 moles of sodium hydroxide, 
regardless of the HR used. That is, the alum required is independent of the 
excess caustic used, and hence has no connection with the gel strength of the 
resultant Napalm. 

The per cent of alum added was calculated on the basis of 1 mole of alum for 6 
moles of sodium hydroxide, correcting for the Al(OH)S 04 in the alum. The curve 
(figure 1) shown was based on a plant run in which the excess caustic was 56 per 
cent. Because of the free caustic present, the first addition of alum to the sodium 
soap solution formed only soluble sodium aluminate: 

8NaOH + Al 2 (S 04)3 2NaA102 + 3 Na 2 S 04 + 4 H 2 O (6) 


When all of the free sodium hydroxide had reacted in this manner, additional 
alum decomposed the aluminate, and precipitated Napalm: 

4 H 2 O + 2NaA102 + lONaR + 3 Al 2 (S 04)3 8A1(0H)R2 + 9 Na«S 04 (7) 

It will be noted that equations 6 and 7, combined, are equivalent to equation 1. 

An excess caustic of 56 per cent means that 35.9 per cent of the total sodium 
hydroxide is free. While 6 moles of sodium hydroxide react completely with 
1 mole of alum, 8 moles of sodium hydroxide, if free, react with 1 mole of alum 
to form aluminate. The break eventually occurred at this point. The first 
break also is found at a pH of about 10.6. This also is the pH at which sodium 
aluminate is decomposed by acid. 

In the aluminate section of the curve, no Napalm should form. The precipita- 
tion of Napalm should commence after the pH drops below 10,6. This also 
agreed with observed behavior in plant production. However, when the 

* X excess caustic. 
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agitation was inferior, or the alum was added rapidly or at the wrong point, 
a local region of low pH might exist at the point of contact of alum solution and 
sodium soap solution, even when the over-all pH was above 10.6. Napalm 
then precipitated in this local region and did not redissolve in the available time 
when it was swept into the high-pH region. The Napalm so formed was usually 
a spherical riiell containing mother liquor. These shells, or puff balls, tended to 
be so high in aluminum that they gave weak gels. They tended to smear on the 
screen or in the grinder, and, by occlurion of mother liquor, made satisfactory 
washing difficult. The presence of puff balls was avoided for these reasons. 
Their formation could be minimized by improvement of the agitation and method 
of addition of the alum solution. 



Fio. 1. Dependence of Napalm precipitation on per cent of alum added in the presence of 
56 per cent excess sodium hydroxide. 

Between pH 10.6 and about 7.5, the Napalm should precipitate in fine particles 
well dispersed in the mother liquor. With proper agitation and addition of 
alum, the appearance of the charge in this region should be that of latex. Foam- 
ing was most serious in the first part of this region. As the pH dropped rapidly, 
however, the latex coagulated suddenly and tended to float and cake on the 
surface. This coagulation was known as the strike. The rapidity with which 
it occurred could be controlled by the rate of addition of the alum solution. 

Unless the agitation was excellent, and the rate of addition of alum Meal, 
occlusion of mother liquor occurred during the strike. This was evidenced by 
slight foam around the coagulated Napalm. To insure complete reaction with 
the sodium soap, excess alum was added (11). 

Napalm thickener had be^ manufactured generally from two parts coconut 
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fatty acids, one part naphthenic acid, and one part oleic acid. A threatened 
shortage of naphthenic acid made it desirable to find a formula using niinimom 
quantities of naphthenic acid. The Napalm thickener formula was somewhat 
flexible and changes could be made in the acid ratio provided the average effects 
of each acid were maintained. Coconut oil acid soaps had strength but, at the 
same time, had very fine particle size and required heat for aging to maximum 
strength. Oleic acid soaps were soft and required oxidation inhibitors, but the 
aging properties were good. Naphthenic acid soaps were gummy and had large 
particle size. They also contained natural inhibitors which made them very 
stable to oxidation. 

With as little as 5 per cent naphthenic acid in the formula the coconut oil acid 
could not exceed 30 per cent, else the particle size would be too small and ad- 
versely affect the gelation rate. The reduction in naphthenic acid content could 
be made up by increasing the oleic acid content to 65 per cent and increasing the 
amount of inhibitor used. If less than 30 per cent coconut oil acid was used, 
the strength of the gel suffered. If more than 5 per cent naphthenic acid was 
used the particle size was increased, thus permitting the use of more coconut oil 
acids and resulting in an increase of strength. The new formula developed used 
30 parts of coconut fatty acids, 65 parts of oleic acid, and 5 parts of naphthenic 
acid. 

The new-formula Napalm thickener had a finer particle size and a higher iodine 
number than the standard-formula thickener. In other respects the chemical 
properties were very similar. The thickening power of the soap and the sta- 
bility of the gels made therefrom were similar for both formulations. Added 
water affected both Napalms similarly. It was concluded from tests that the 
Napalm obtained from the new-formula thickener was similar to that made from 
the standard-formula thickener with respect to thickening power, stability of gel, 
stability of dry soap, oxidation stability, and water peptization. Gels made 
with the new formula were faster setting than gels made with the standard 
formula. It was recommended that the new formula for Napalm thickener be 
used in case of need for a formula with decreased naphthenic acid content (24) . 

OXIDATION STABILITY OP NAPALM 

The unsaturated fatty acids and soaps of these acids present in Napalm ac- 
count for its oxidation susceptibility. The oxidation of these unsaturated sub- 
stances is supposed to take place through the intermediate formation of organic 
peroxides. The general character of the reaction is autocatalytic, presumably 
of a chain-mechanism type. Such reactions exhibit an induction period during 
which the reaction proceeds very slowly. The end of the induction period is 
characterized by a very rapid rise in the reaction rate. Since the organic per- 
oxides that are formed react with potassium iodide to liberate iodine, the course 
of the reaction can be followed by measuring the quantity of iodine liberated by 
a given weight of sample. The number of milligrams of iodine liberated by 1 g. 
of the material under rigidly controlled conditions is defined as the peroxide 
number. 
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By following the (^ange in the peroxide number oi a bo^} stmed in an oaddiaing 
stmoEqphere it ie poanble to Obtain considerable information about the omirse of 
Ute oxidation reaction. Hms, it is found that for a length of time the peroxide 
number is very low, indicating an extremely low rate of oxidation, llus is 
fdlowed by a sudden increase in the peroxide number, signalising the md of the 
inducticm period and the comparatively rapid rise in the rate ci oxidation oi the 
BoiQ). The peroxide number finally reaches a maximum and then declines. This 
is a result pf the further decomposition of the organic peroxide. The maximum 
peroxide value attained varies according to the amount of oxidisable material in 
the soap. The length of the induction period is a guide to the oxidation stability 
of the 801 ^). 

It is also possible to follow the oxidation of a soap by measuring its degree of 
unsaturation by treatment with iodine solution and back-titration of the unused 
iodine with thiosulfate. The quantity of iodine consumed by a given weight of 
soap (iodine munber) decreases as oxidation proceeds, and the end of the induc- 
tion period is indicated by a more rapid drop in the iodine number. The initial 
value of the iodine number depends upon the proportion of unsaturated acids in 
the soap. 

The crucial test for oxidation susceptibility of a soap is the length of the induc- 
tion period. Until a soap has passed through this period, there is little change. 
After exposure to the oxidizing action of the atmosphere, a portion of this induc- 
tion period is consumed and this affects the time the soap can be stored or sub- 
jected to further oxidaticm before extensive breakdown sets in. A low peroxide 
number or high iodine number, therefore, does not necessarily mean that the 
soap will be satisfactory for long storage. 

The length of the induction period depends chiefly on the amount and kind of 
inhibitors that are present in the soap. This is shown most clearly by acetone 
extraction of the soap. Thus, after such extraction the induction period even for 
the most stable soaps is reduced to a small fraction of its original value. Fur- 
thermore, the induction period of a readily oxidizable soap (!an be extended 
considerably by treatment with a small amount of certain well-recognized 
oxidation inhibitors (5). Among those recommended have l)een U.O.P. No. 5 
or its more satisfactory homolog, dilauryl-p-phenylenediamine, a-o-toluidino- 
stearic acid (36), and a-naphthol (19, 28). 

Using the same fatty acids, the length of the induction period appeared to be 
dependent upon the soluble iron content of the alum used in the precipitation. 
Soaps with a high iron content usually, but not invariably, had a low induction 
period (6). The presence of manganese in amounts greater than 0.01 per cent 
by wei^t eff aluminum sulfate resulted in extensive oxidation, as measured by 
the oxidation susceptibility test. The presence of ferric iron in amounts greater 
than 0.03 per cent by weight of aluminum sulfate was likewise harmful. Ferrous 
iron, on the other hand, did not show a marked effect. The presence of iron and 
lead in tiie sodium soap solution showed no marked effect on oxidaiion suscepti- 
bility; <xqpper and chromium salts in the aluminum sulfate solution likewise 
^owed no effect (30). Cobalt in moderate amounts as an impurity was suffi- 
eiently active to cause a temperature rise in the heat test (13). 
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EFFECT OF MOISTURE ON NAPALM 

Napalm is essentially a hygroscopic material analogous to gelatin or paper in 
its affinity for moisture, and thus gains or loses moisture when exposed to the 
atmosphere, except at the one humidity with which it is in equilibrium (inert 
point). Equilibrium at any given relative humidity appears to be attained 
fairly rapidly, being practically complete in 8 hr. in f-in. or J-in. layers under 
normal convection. The water absorbed greatly affects the consistency of the 
gel formed when the solid soap is dissolved in gasoline. The average of a large 
number of tests indicated that the absorption of 0.1 per cent moisture measured 
by the vacuum-oven method caused the consistency in the 24-hr. 150®C. test 
to drop approximately 40-50 g. (4, 18). 

The cause of the moisture effect probably lies in the prevention of the forma- 
tion or possibly the breaking of the soap chains by preferential coordination of 
water molecules at the points of attachment between the individual units. 
Osmotic pressure measurements indicated that the normal Napalm in solution in 
gasoline had a molecular weight of 160,000-200,000. It seems probable that 
these large molecules were built up largely by the coordination of the aluminum 
atom of each soap unit with one of the carboxyl oxygens of the next unit. Such 
chains can obviously be broken if a molecule to which aluminum coordinates 
more strongly than the carboxyl oxygen is introduced. This seems to be the 
case when water, amines, or free fatty acids of low molecular weight are added. 
The aluminum atoms coordinate preferentially with the amine or hydroxyl 
groups, the aluminum chains are broken, and there is a resultant drop in mol- 
ecular weight and consistency (18). 

EFFECT OF GASOLINE QUALITY ON THE PROPERTIES OP NAPALM FUELS 

The properties of Napalm fuels were found to be affected by the type of hydro- 
carbon employed. Cyclic hydrocarbons tended to give high consistencies, while 
the paraffin (n-heptane) gave the lowest consistency values. Eleven gasolines 
meeting the requirements for 80-octane, general-purpose motor fuels all gave 
thickened fuels having consistencies within relatively narrow limits. Based on 
a wide variety of automotive fuels exclusive of those meeting the requirements of 
80-octane gasoline, highly naphthenic or aromatic gasolines may be encjountered 
which would markedly increase fuel consistency. Oxidized gasolines may 
greatly decrease the consistency of Napalm fuels. However, oxidation-suscep- 
tible gasoline can be inhibited at the source with suitable commercial inhibitors 
as specified for U. S. Army 80-octane, general-purpose gasoline and should then 
be suitable for use, unless stored for unusually long periods with excessive ex- 
posure (32). The minimum oxidation stability had to be 5 hr. To obtain this 
stability, an approved inhibitor such as U.O.P. No. 4, U.O.P. No. 5, du Pont 
Anti-Oxidant No. 5, or du Pont Anti-Oxidant No. 6 could be used, in which case 
concentration of the active ingredient had to be 20 dz 15 pounds per thousand 
40-gallon barrels of gasoline (34). 

Consistency studies of gels prepared with Napalm soap in various trade 
gasolines having aniline points from 75® to 140°F. indicated that apparent 
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viscosity and extensibility were subetantifdly independent of the gasoline. 
However, the rate of solvation was markedly^affeoted, but with most of the 
gasolines likely to be. encountered in practice the variation in setting time could 
be tolerated in fi^ld computing (25), The CWS specification stated that the 
aniline point of the gasoline should not be greater than 46°C. (115®F,) (34). 

The physical properties of gasolines which were studied did not adequately 
predict the gelation behavior of the hydrocarbon, but if consideration is limited 
to the common motor gasolines, the aniline point correlated fairly well with 
solvation rate and low-temperature stability. It appeared advisable to limit 
the aniline point to 120®F. maximum in order to insure that the setting time of 
Napalm would not exceed 45 min. and that the thickened incendiary fuels would 
withstand approximately three months’ storage at 0-20°F. without excessive 
^meresis. Tests of Napalm fuels in the M69 incendiary bomb, made with the 
quantity of thickener employed in production (approximately 9 per cent soap), 
indicated that the ignitability of the gel was dependMt on the vapor pressure. 
With fuels containing 11 per cent or more of Napalm soap, variation in gel Reid 
vapor pressure from 4.4 to 11.2 p.s.i. did not appear to affect ignition perform- 
ance in the M69, although the evidence pointed to lower over-all ignitability 
than for the thinner, 9 per cent Napalm fuel (2). Specifications indicated that 
the vapor pressure of the gasoline (Class AGO or A70) should be not less than 9.0 
p.s.i. or more than 10.5 p.s.i. (34). 

It was possible to add a heavier oil to Napalm-gasoline gels, in amounts up to 
50 ^r cent of the solvent, without significantly altering the apparent viscosity 
of the fuel. In addition to the possibility of increasing the burning temperatun^ 
and the thermal yield of the fuel, the addition of the heavier oil produced an 
increase in the burning rate and a decrease in the amount of unbumed material 
r emaining . In the case of gels containing greater than 50 per cent oil in the 
solvent, the ignition of the gel was slower. Once burning had Imgun, however, 
the burning characteristics were equally as gocxl as tho.s(‘ of the gels of lower oil 
content (21). 

Preliminary tests indicated that gasolines containing 20 per cent of aU'ohol 
would not yield gels of adequate visfjosity (3). 

PALMENK GUM 

This incendiary gel was composed of seven parts of aluminum palmitate (mono 
salt; Metasap Chemical Company) and four parts of Neo-Fat 3-R (mixture of 40 
per cent oleic acid and 60 per cent linoleic acid; Armour and Ccfnpany) in 89 
parts of gasoline. The gum was prepared by simply adding the palmitate pow- 
der to the gasoline, mbdng by momentary shaking or paddling, adding the Neo- 
fat, mixing briefly, and allowing the mix to stand at 25°C. In 45 min. to an 
hour it set to a stiff jelly, but after standing for 12 to 24 hr. at 25®C. this changed 
to a stringy gum. The burning characteristics were improved by the addition of 
0.5-1 per cent lamp black; the filler was merely added to the gasoline before 
adding the other ingredients (15). 



THICKENERS FOR INCENDIARY GELS 


1467 


STEOLATE SOAPS 

Early work on aluminmn.soaps revealed the fact that when prepared by usual 
precipitation methods, some free fatty acids remained in the soap. Thus, 
commercial aluminum stearate contained free acids, stearic acid among them. 
It was recognized that tallow-base, double-pressed stearic acid, from which 
aluminum stearate was made, was chiefly palmitic and stearic acid, the former 
50-55 per cent, the latter 40-45 per cent, with other higher fatty acids present 
in small quantities. It has been shown that free stearic acid has deleterious 
effects on gels made from aluminum soaps. Soaps containing free stearic acid 
produced gels with gasoline but these gels were unstable at — 40°F. and broke 
down at room temperature after several days’ standing. The effect of free oleic 
acid was quite different from that of free stearic acid. When free oleic acid was 
added to extracted aluminum stearate, the gel produced was more stable and 
had greater string than that produced from aluminum stearate containing free 
stearic acid. Aluminum oleate coprecipitated with aluminum stearate had a 
stabilizing influence. The effect was more evident if this coprecipitated alumi- 
num stearate-aluminum oleate was extracted with acetone to rid it of free stearic 
and oleic acids, and then a gel was made with the extracted material and free 
oleic acid. Such a gel was stable at --40°F. and at 150°F. and had considerable 
string. 

An improved technique was developed for producing an intimate mixture of 
aluminum stearate and aluminum oleate, without the undesirable free stearic 
acid but containing free oleic acid. It involved extracting the free acids from 
aluminum stearate, suspending this extracjted material in water, after wetting it 
with alcohol, and precipitating aluminum oleate and free oleic acid on the surface. 
Soaps made by this technique were called steolates. By this procedure it was 
possible to coat different soaps, thereby obtaining soaps with different gelling and 
aging rates. The preparation of gels from the steolates involved mixing the soap 
with gasoline, shaking or stirring for a few minutes (usually two or three), 
allowing to stand for approximately 15 hr., then aging for another 15 hr. at 
150®F. in an air oven. The gel became transparent in 3-5 hr. at the aging 
temperature. The apparent viscosity of steolate gels changed with the oleic 
acid content. The effect was that the addition of free oleic acid gave less 
viscous gels (20). Steolate soaps which could be aged at room temperatures 
were produced by careful control of manufacture (29). 

W GUMS 

Aluminum soaps of the '‘W” fatty acid (tallow fatty acid by-products of the 
meat-packing industry) were prepared and investigated for their suitability as 
thickening agents for incendiary gels. Preliminary attempts to form an alumi- 
num soap of the fatty acids in gasoline directly resulted in failure. Like- 
wise, the heating of the fatty acids directly with potassium hydroxide solution, 
followed by the addition of aqueous alum, resulted in a gum which was unsatis- 
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factory. A successful soap was made by du^tersing tl^ fatty acids in water and 
heating to 125‘’F. The potassium hydroxide solution was then added, followed 
by stirring in an aqueous solution of alum. To prepare the gel, the soap had to 
be stirred in the gasoline and the temperature raised to 125°F., or the soap and 
gasoline were stirred in the cold until an even dispersion (paste) resulted. The 
mixture was then heated at 50*^0. for hr. It was concluded that a satis- 
factory, stable, thickened gasoline for use in the M47 and M69 incendiary bombs 
could be prepared from the “W” thickener (14). 

STS?AKATE-CAPHyiiATE AND 8TEABATB-PELARGONATB SOAPS 

Steolate and Napalm soaps are susceptible to oxidation; both of them contain 
at least 20 per cent of the oleate radical in the soap. It was felt advisable to 
find a suitable substitute for the oleic acid. The gelling effect of the oleic acid 
was expected to be due either to the fact that it was unsaturated or to the fact 
that it was a liquid, since stearic acid acted so differently. Liquid fatty acids of 
eig^it or nine carbon atoms could be used to test part of this hypothesis. A 60/50 
stearate-caprylate or 50/50 stearate-pelargonate soap should have approxi- 
mately the desired gelling properties if the double bond was not involved in gel 
formation. The 50/50 stearate-caprylate soap would withstand oxidation 
longer than Napalm and, in gel tests, it was comparable to Napalm. The 
difficulty in using this soap as an alternate for Napalm was that the source of 
caprylic acid was coconut oil fatty acids. The stearate-pelargonate soaps were 
made from raw materials which were available in limited quantities. No 
stearate-pelargonate soap was made that would give a gel aging at room tem- 
perature without the use of a peptizer. Among the peptizers tested, p-cresol 
and diethylene glycol monobutyl ether gave the most desirable results. A 
peptizer increased the string of a gel as well as the rate of gelation. Tests showed 
that the stearate-caprylate soap was more resistant to oxidation than Napalm. 
It contained no unsaturated linkages but would form a gel, aging at room 
temperature, ^vith very desirable properties. It appeared that a stearate- 
pelargonate soap should have susceptibilities comparable to those of a stearate- 
carpiylate soap (10). 


SUMMARY 

The liquid incendiaries tested during World War I possessed the drawback of 
excesfflve dispersion, which was, however, moderately well corrected by the 
absorption of the liquids in some materials such as cotton waste. During 
World War II this general idea was revived, resulting ultimately in the incendiary 
gels. Of the various substances tried for solidifying incendiary fuels, the following 
were found to be generally applicable: (!) sodium stearate; ($) aluminum salts 
of mixed fatty acids and naphthenic acid; (5) polyacrylates'; and (4) rubber 
(natural and ^thetic). 

. Sodium stearate would not give a satisfactory product with ineendiaiy fuds. 
Stearic acid, however, when dissolved in the incendiary liquid, produced excellent 
gels idter the addition of sodium hydroxide dissolved in 85 per Cfflit (or purer) 
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alcohol. SOD 122, a product of the Standard Oil Company of New Jersey, was 
the most promising gel of this type. 

Aluminum soap thickeners consist of either aluminum salts of the saturated 
soap-forming fatty acids having eight to fourteen carbon atoms, an unsaturated 
soap-forming fatty acid, or a carboxylic acid containing a carbocyclic ring (e.g., 
naphthenic acid), or a mixture of these. Napalm, the aluminum soap of an 
oleic, naphthenic, and coconut fatty acid mixture, falls into this class of thick- 
eners. A review of this substance, from the standpoints of chemistry, manu- 
facture, stability, effect of moisture, gasoline quality, etc., is presented. 

In lieu of soaps, natural and S 3 mthetic rubber as well as resins such as the 
polyacrylates can be used as thickeners, yielding, however, gel-products pos- 
sessing properties somewhat different in their characteristics from those of the 
soap-thickened fuels. 

The author desires to express his appreciation to Drs. Vera Smalley and Leo 
Finkelstein of the Chemical Corps Technical Command for their assistance in the 
compilation of the bibliography and their interest in the preparation of this 
paper. 
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RHEOLOGICAL PROPERTIES OF INCENDIARY GELS* 

LEO FINKELSTEIN 

Technical Command, Army Chemical Center, Maryland 
Received June iS, i94S 

Incendiary gels are essentially non-Newtonian liquids, whose viscosity varies 
with the stress. Three particular features are observed with such systems: a 
variable ratio of shearing stress to rate of shear; a finite relaxation procedure for 
suddenly applied stress or deformations; and a frequency-dependent dynamic 
viscosity in the case of alternating processes (8). 

MECHANICAL ANALOGIES 

Carver and Van Wazer (5) consider the Maxwellian model, which separates 
elasticity and viscosity according to the thermodynamic definition, perhaps the 
most successful eiqpedient for disentangling the combined elastic and viscous 
properties of a viscoelastic fluid. The theory of Maxwell on elastoviscosity 
approximates the structure of an elastoviscous liquid by means of a mechanical 
m^el. Such a model consists of series and parallel combinations of dashpots 
and springs. The dashpots contain Newtonian liquids and the springs obey 
Hooke’s law. The first element represents a purely viscous resistance, while the 
second element is a purely elastic resistance representing a model for an ideid 
solid. Both dements are connected in the model, since in a structurally viscdus 
liquid both elements are present. When the springs and dashpots are connected 
in series, the total extension is the sum of the extensions across individual com- 

> Presented at the Symposium on Gel Formation, Detergency, Emulsification and Film 
Formation in Non-Aqueous Colloidal Systems which was held under the Auspices of the 
Dhrimon of Colloid Chemistry and the Division of Petroleum Chemistry at the 113th Meet- 
ing of the American Chemical Society, Chicago, Illinois, April, 1948. 
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ponents; when they are connected in parallel, the total force is the sum of the 
forces across the components. Most rheological instruments run under con- 
stant force or at jionstant rate of extension. Carver and Van Wazer (5) con- 
sidered that the mechanical model of a spring with series and parallel dashpots 
offered a convenient qualitative approximation of the rheological properties of 
most incendiary gels, but that three-dimensional cross-bonded structures could 
not be treated by means of these analogies if the cross-bonds had elastic-viscous 
properties. Such a model is best studied according to the methods of statistical 
mechanics. 


QXJAUTATTVB EVAHTATION OP A GEL 

The physical measurements described below were designed to characterize 
qualitatively the specific properties of incendiary gels. To test for homogeneity, 
the sample was cut in half and separated so as to expose a fresh surface, and 
examined visually and tactually. 

To determine friability and the roUe of heal, the gel was cut with a spatula and a 
sample withdrawn. If the sample and the area from which it was withdrawn re- 
tained their shape and sharp outline, the gel was hard and friable. In the most 
undesirable cases, gel shavings could be produced by scraping the surface with a 
spatula. If a cut healed immediately or a smooth surface re-formed as soon as a 
sample was withdrawn, the sample was soft and had insufficient body. The best 
gels were intermediate between these two extremes. The sharp edges of a cut 
or of a sample should become blurred almost immediately, and a cut should be 
completely healed in approximately 5 min. The body of the gel could be evalu- 
ated by placing a sample on a plane surface; a soft gel spread and lost its shape 
rapidly. 

The strength and resilience of a gel were determined by forcing the fiat surface 
of a spatula through the gel. The resistance offered to its passage was dependent 
on the strength of the gel. A friable gel might offer considerable initial resistance 
and then break away. This was considered a rigid, weak gel. When motion of 
the spatula was stopped, a resilient or elastic gel would tend to force the spatula 
back out of the “compressed” area. 

When a gel sample was withdrawn on the end of a spatula, the length was 
qualitatively observed. The connection between the sample and the main body 
of the gel was maintained over a considerable distance with a long gel. If the 
gel was friable, it would be very short. A long gel was either excessively fiuid or 
very elastic. These properties led to inferior firing characteristics. 

A gel that was adhesive was difidcult to remove from a spatula completely. A 
tbst of adhesion to wood could be conducted by using a physician’s tongue- 
depressor as a standard wood strip. The strip in a vertical position was forced 
down into the gel, the gel allowed to heal around it for about 30 sec., and the 
strip then withdrawn vertically. With a good gel, at least 60 per cent of the 
submerged surface of the strip would be coated with the gel. A long elastic gel 
could be drawn part way out and would then snap back, leaving the wood clean. 

If one dips his hand into a mass of thickened fiuid and withdraws it rapidly. 
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the gel may string out, showing considerable extensibility, or it may break off, in 
which case it is said to be short. This property is variously known as stringiness, 
shortness, or extensibility. Short gels shatter, do not carry wall, and show lack 
of adhesion. 

DETERMINATION OP RHEOLOGICAL PROPERTIES 

Attempts to characterize gels accurately by measurement of specific rheologi- 
cal properties were undertaken to correlate gel formulation work, to establish 
specification tests, and to obtain an insight into the factors infiuencing gel per- 
formance in incendiary munitions. Obviously, no test would fulfill all these 
functions. Plastic materials such as incendiary gels resist deformation by low 
shearing forces and tend to yield more easily to higher shearing forces. Since 
the over-all performance of a gel was dependent on its behavior under both 
conditions, it was important to characterize a gel at both high and low shearing 
forces. 

THE PARALLEL PLATE TEST 

This test was used to determine the consistency of im^endiary oils containing 
isobutyl methacrylate polymers. It consisted of measuring the diameter, in 
centimeters, to which 5 cc. of gel spread in 1 min. between parallel plates of glass 
under a 2-kg. load. In the CWS tests the plates of glass were 9 in. square. 
Other tests were conducted with the plate-glass squares measuring 12 in. square. 
The test was a modification of a consistency test for putty (6). A plug syringe 
was used to measure the 5 cc. of incendiary oil to be tested. This syringe was 
composed of two concentric pieces of glass tubing, a seal between the two being 
made by an annulus of Neoprene tubing. The tubing of larger diameter served 
as a cylinder, calibrated to deliver the required amount of filling. The tubing 
of smaller diameter, to which a section of Neoprene tubing was held by friction, 
served as a piston to remove the incendiaiy filling from the syringe. A study of 
the various loads indicated that values in the most sensitive ranges were obtained 
with the recommended 2-kg. load. The majority of the gels would nearly reach 
an equilibrium spread in the 1-min. period of stress. When the load was applied 
for 5 min. to a typical isobutyl methacrylate, the parallel plate value was in- 
creased from 10.4 to 11.6 cm. Straight lines were obtained by plotting the 
diameter against the logarithm of the time for which the load was applied. The 
original technique involved increasing the applied load by 2-kg. increments every 
minute until a total load of 10 kg. resulted. When the diameters observed by 
this method were plotted against the logarithm of the applied load, parallel 
straight lines were obtained for gels of quite diverse composition. The simpler 
technique involving a single measurement was therefore recommended (9). 

IMPACT STRENGTH 

To determine consistency at a high rate of shear, a Schoppei^Dynstat plastics 
impact tester was modified to handle gels (9). A J-in. wide blade was mounted 
on a pendulum with a total length of 15 in. A trough to retain the gel sample 
was placed horizontally at the bottom of the swing of the pendulum. The 
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horizontal length of the path of the blade through the gel was 26 cm. Various 
loads were placed on the pendulum arm. The pendulum was released from a 
horizontal position, allowed to swing down through the gel, and the vertical 
height of the upward swing was determined. When the gel trough was empty, 
the pendulum, being nearly frictionless, rose to the horizontal position. When 
the gel was present, the energy consumed in forcing the blade through the gel 
caused the pendulum to swing through to a maximum height somewhat short of 
the horizontal (or zero) point. The decrease in the height of the maximum 
swing from the zero point was proporiional to the work done and, therefore, to the 
strength of the gel. To cover all types of gels, it was necessary to use three 
different loadings on the pendulum. These were referred to in increasing order of 
gel strength as B, C, and D scales. The B scale readings for the weakest gels 
ranged from one to ten units. (The units are empirical but in a rough way cor- 
respond to kilogram centimeters.) The C scale covered a range of one to 20 
units. In the lower half of this range, the B and C scale readings were nearly 
equivalent. A few tough gels had values exceeding the C scale. These were 
measured by placing a small additional weight on the impact by raising the 
release point from 90° to 120° from the vertical. This increased angle of fall 
altered the zero point of the instrument. The D scale values, therefore, were not 
directly (jomparable to those of the B and C scales. 

MODIFIED STOKMER VISCOSIMETER 

Because of its simplicity of operation and ease of cleaning, the Stormer visco- 
simeter had long been used for consistency measurements of paints and allied 
products. A modified Stormer viscosimeter, as described by Geddes and Daw- 
son (7), consisted of a sample cup containing a paddle which was driven by the 
gravitational pull of a falling weight. For a given load, the speed with which 
the paddle would rotate was inversely proportional to the viscosity of the 
material in the sample cup. A true determination required that stirring be 
continued until a constant rate was obtained. At low shearing forces (low 
appliecl load) the rate of rotation was extremely slow, while under a somewhat 
higher load the increase in r.p.m. with an increase in the applied load was rapid. 
For the isobutyl methacrylate gels, the most satisfactory but time-consuming 
criterion of consistency was the load required to produce 10 r.p.m. With many 
gels, especially those containing methacrylate interpolymers, the viscosity of the 
gel increased during the measurement, and results could be duplicated only 
when fresh sample was used for each measurement. It was therefore not possible 
to obtain a constant rate. As a rapid generalized technique, a procedure was 
adopted which consisted in measuring the average rate of rotation during 100 
revolutions of the paddle after an acceleration period of 10 revolutions under a 
standard load that appeared suitable for the particular type of gel (9). 

GARDNER MOBILOMETER 

This instrument was used to determine the consistency of incendiary gels of 
the Napalm type. It is an exi:rusi on-type viscosimeter in which the rate of fall 
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<d a loaded piston throat the sample (ccmtained in a tig^irfitting cylhid^) is 
detennioed (6). Itie mobdunnstor conasted aS a tube, f(»ir-hde dude, plunger 
rod assemUy, and bearing moimted on a suitaUe base and suppent. Hie 
pertinent dimenaiMug of the stamlard instrument as used for inomidiaty gds are 
shown in table 1. 

Owing to work-hardening {dienennena, tire value observed with methacrylate 
gels was markedly depaident upon the treatment of the sample. R^roducible 
values were obtained tmly when freshly prepared gels were allowed to age 24 hr. 
in the Gardner cylinder, and a single measurement was made subsequently on 
the unwodeed sample. W. H. Bauer (2) recommended that the consistency of 
incendiary gels be measured at one rate of shear by means of the Gardner 
mobilometer to specify a given gel for test purposes. Each type of Napalm gel 
has a specified consistency range expressed in grams. In reporting results two 
successive loads, in grams, for more than and less than 100 sec. are noted. The 
load required to give a time of fall of 100 sec. is obtained by linear interpolation 
frmn the two loads. 


TABLE 1 

Dinunaiont of standard Gardner mobilometer for use with incendiary gels 


Internal diameter of tube . . 

DiMneter of disk 

Thickness of disk 

Diameter of holes in disk 

Diameter of plunger rod. . . . 


1.638 

1.600 

A 

0.260 

0.250 


TOB8IOMBTER METHOD 

Barnard (1) developed a method which was used for determining the elasticity 
and cmisistency of incendiary oils of high coninstency. The torsiometer is 
shown in figure 1 assembled for use in the consistency test. The principal com- 
ponents of the torsimneter include a disk calibrated in thirty-six ten-degree 
divifflons, a combination pulley-indicator, a pulley mounted on the edge of the 
disk to carry a pulley cord from the center pulley over the edge of the disk to a 
weight (two wei^ts are used, one after the other), which serves as the actuating 
force for the test, a testing paddle, and a trigger mechanism to release the pointer- 
indicator when making tests. 

In making an elasticity test, the following procedure was used: When the 
pointer was released, the weight actuated the paddle, twisting it through one 
revolution. On cmnpleting 360°, the loop of the cord dipped off toe peg (set in 
toe groove of the puUey-pointer), permitting the paddle to return in a clockwise 
direotifm toward the original zero podtion. The extent of return, or recovery 
of original e<mdition, was indicated in degrees, maiked on the disk. The elastic- 
ity was reported as toe average of two consecutive readings which agreed within 
10 “. 

In determining toe consistency of toe incmidiary oil being tested, the pointer 
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was released. The weight actuated the paddle, causing the pointer to rotate 
counter-clockwise. The average time, in minutes, that was required for the 
pointer to rotate through exactly 360° at the average rate of revolution observed 
in the test was computed. This time, expressed to the nearest 0.1 min., was the 
consistency. 



Fig. 1. Torsiometer 


CLARK - HODSMAN VISCOSIMETER 

In a fundamental investigation of gel rheology the Eastman Kodak C^impany 
(4) studied the use of the (/lark-Hodsrnan viscosimeter to determine the elastic- 
ity and viscosity and relaxation of gels. The instrument is a torsion viscosimeter 
used to determine the viscosities at low rates of shear (of the order of 0.01 to 1.0 
see.”’). By trial and error, it was necessary to determine the proper diameter of 
wire and angle of torque for each gel, to obtain a valid measurement. Many 
gels did not exhibit sufficient adhesion to the plumb to prevent slippage. The 
measurement did not, therefore, appear convenient as a method of characterizing 
new gels. The values observed on different preparations of the same gel formula 
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did not show sufficient variation for this technique to serve as a control method. 
For fundamental study of a particular gel, the device had the advantage over the 
parallel-plate method in that it gave the viscosity at low shearing forces directly 
in poises rather than in empirical units. 

SOD PRESSURE VISCOSIMETER 

This measuring instrument was developed by the Esso Laboratories of the 
Standard Oil Development Company (3). It was a capillary viscosimeter and 
consisted of an electric motor, gear-reducer unit, pump, gages, thermocouple and 
accessories, grease cylinders, and sundry fittings. Temperature control was 
obtained with the use of an air bath so that capillaries could be changed without 
removing the grease cylinder from the bath. 

The flow rate which was found most useful at room temperature was about 
0.083 cc. per second. With the thermocouple, the desirc'd capillary, and the 
proper gage in place the determination of pressure was easy to estimate. Tlu' 
motor was turned on and the system was allowed to come to equilibrium pressure. 
The presvsure was observed and pump speed was noted in revolutions pei* sc(*ond. 
The flow rate in cubic centimeters per second was determined from the output of 
the pump in cubic centimeters per revolution and tlie pump speed in r.p.m. 
Each of the capillaries had to be calibrated and their effective radii determined 
by viscomctric means. With the eight capillaries ranging in radii from 0.19 to 
0.023 cm., the rate of shear for a flow rate of 0.083 cc. per second extended from 
about 15 to 8500 sec 


CAPILLARY VISCOSIMETER 

To obtain velocity gradients ranging from 1,000 to 1,000,000 sec.""’ a high-pn's- 
sure (capillary viscosimeter was used by Carver and Broughton (4). The litjuid 
under test was charged into a cylinder, at the bottom of which was inserted a capil- 
lary of known length and radius. The liciuid was forced out through this capillary 
by a constant, known nitrogen pressure. The constants of the instrument 
could again be determined by calibrating with a liquid of known viscosity or 
calculated from the dimensions of the apparatus. 

jeweler’s lathe VISCOSIMETER 

An attempt to obtain data on viscosity changes under sudden stress was made 
by Carver and Broughton (4) with the so-called jeweler’s lathe viscosimet(*r. 
The instrument is a rotating cylinder-type vis(K)simeter with an outer cup that 
can be made to rotate instantaneously at 20-1080 r.p.m. by means of a gear train 
and clutch and synchronous electric motor, and an inner cylinder suspended from 
the tailstock of a jeweler’s lathe by a torsion rod, 0.26 cm. in diameter, so that 
the movement of the inner cylinder, even with the most viscous materials, is 
almost negligible. The necessary accuracy in reading the deflection is obtained 
by attaching a mirror to the torsion rod and recording the trace on 35-mm. film, 
driven by a synchronous motor at 18.7 cm. per second. To obtain quick re- 
sponse the inner cylinder is hollow (filled with chloroform to avoid buoyancy) 
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and the torsion rod system has a period of vibration of only 0.011 sec. Minor 
features are the lower bearing which was found essential to prevent the inner 
cylinder from being dragged from its central position, a cover on top of the outer 
cylinder which was necessary to keep the material from crawling up the torsion 
rod, and a thermostatic cup placed around the outer cylinder. The material 
under investigation was placed in the cup and allowed to stand for several hours 
to remove any air bubbles. Rotation was then started and the deflection of the 
inner cylinder followed visually on a scale or photographically. The traces for a 
Newtonian fluid show a sudden, sharp rise at the moment the outer cylinder 
starts to rotate, followed by a constant deflection proportional to the viscosity of 
the fluid. Very different traces are given by Napalm and methacrylate gels, a 
pronounced rise which is a function of the time the gel is allowed to remain 
undisturbed in the cup between runs being obtained. The trace obtained with 
the jeweler’s lathe viscosimeter is in essence a graph of force at constant rate of 
extension. 


MACMICHAEL VISCOSIMETER 

This instrument has a disk of 3-cm. radius suspended about 5 mm. from the 
bottom of a cylindrical cup which is fixed in a bath on a turntable driven at con- 
stant speed (normally 20 r.p.m.) by an electric motor and suitable gears. The 
suspension wire (about 25 cm.) is inclosed in and fixed near the bottom of a 
tube or spindle to which the disk is fastened by a bayonet catch; the top of the 
spindle carries a graduated dial, the deflection of which below a pointer indicates 
the twist produced in the wire when the cup (containing the liquid under test) 
is rotated. The circumference of the dial is divided into 300 equal parts (Mac- 
Michael degrees). The temperature is controlled by electric heating. A table 
is supplied so that errors due to permanent set may not occur. Measurements 
are made of the torque and the r.p.m. from these, and from these a curve of 
apparent viscosity verms rate of shear can be obtained, calibration being made 
with the aid of standard oil. This viscosimeter covers a rate-of-shear range of 
approximately 3-100 sec.~’ 

EXTENSIOMETER (EASTMAN KODAK METHOD) 

This method was developed to evaluate shortness (4). Two 2i-in. long 
glass tubes of 4-mm. inside diameter and having smooth flat ends were filled 
with the incendiary gel by gentle suction. The tubes were joined, by a short 
^ection of rubber tubing, as close to each other as possible to prevent inclusion 
of air in the gel column. The filled assembled tubes were placed vertically in a 
suitable support and the upper tube was secured to a line which ran over a pulley 
and was connected to a constant-speed motor arranged to pull the string at a 
rate of i in. per second. The string had to be carefully adjusted for tautness so 
that it would just hold the top tube upright when the rubber tube had been 
removed. The assembly was allowed to stand untouched for 1 min. while gel 
healing occurred. The rubber tube was then carefully slipped down below the 
division point and the motor started. The distance the upper tube had to be 
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raised to cause the gel string to break was reported in inches as the ^^extensi- 
bility” of the fuel. 

STANDAKD OIIi DEVELOPMENT MODIFIED EXTBNSIOMETBK 

Since some difficulty was experienced in obtaining reproducible results, a 
modified method was developed by Betts and Myers (3). The mechanical 
features of the modified extensiometer comprised a motor and gear-reduction 
system which pulled a string over a pulley at a rate of i in. per second. The 
other end of the string was attached to a glass tube of approximately 25 mm. 
inside diameter. The lower end of the glass tube had a sintered glass disk to 
which a piece of blotting paper was held by suction applied at the other end of 
the tube. Other variations were permissible in that a perforated disk could be 
substituted for the sintered glass. In operation, suction was applied to the tube 
to hold the paper in place and the tube was lowered until the blotting paper made 
complete contact wdth the gel surface. After the contact had been made for 
1 min., the motor was started and the tube raised at a constant rate until the 
string of gel broke. The distance traversed was recorded as the * ‘extensibility” 
of the gel. The size of the gel container markedly affected the result, but it was 
found that a 1 -quart Mason- jar container was satisfactory provided the gel 
surface was smooth and not above the shoulder of the jar, and the sample was 
substantially free of air bubbles. 

MEASUREMENT OP ELASTICITY AT HIGH FREQUENCIES 

Early in the investigation of the rheological properties of thickened fuels, it 
was thought that it might he not the static rigidity and relaxation time which 
would be of importance, but their values at high frequencies. The Ferry method 
is optical in nature and depends upon the solution under investigation being 
optically clear and becoming birefringent under strain. Hence, it was possible 
to make measurements only upon the isobutyl methacrylate interpolymer 
gels (4). 


BALL VISCOSIMETER METHOD 

This test was developed to determine the consistency of thickened flame thrower 
fuels in the field. The viscosimeter consisted of a graduated transparent plastic 
tube (Tenite or similar), 10 in. in length and 2 in. in diameter, and a series of com- 
mercial steel ball-bearings, from 4/32 to 8/32 in. in diameter, graded in thirty- 
seconds of an inch. The consistency was measured by timing the fall, through 
the gel, of the series of balls past two successive graduations. The ‘^ball con- 
sistency” was reported as a number equal to the number of thirty-seconds of 
an inch corresponding to the diameter of the ball whose time of fall was nearest 
30 sec. 

A.S.T.M. GREASE PENETROMETER 

lliis instrument determined the depth of penetration in hundredths of centi- 
met^ of a cone into the gel in 5 sec. The standard A.S.T.M. procedure used a 
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load (rf 150 g. To obtain penetrometer values in the most sensitive region of 
the instrument, the load was reduced by a counter-balance to 50 and 25 g. 
Even under these conditions, the correlation between penetrometer values and 
apparent stiffness was still not good. The roughness of the gel surfaces and the 
presence of air bubbles in the gels seemed to introduce errors which exceeded the 
normal differences between gels (9). 

SUMMARY 

Rapid and reliable evaluation of incendiary gels has been the ever-present 
problem since adoption of this type of filling for incendiary bombs and flame 
thrower fuel. Various instruments have been tried, but only in a limited num- 
ber of cases have satisfactory correlations with test firing data been obtained. 
The Gardner mobilometer was the only instrument found generally satisfactory 
for testing and evaluating Napalm-gasoline gels, but it did not prove applicable 
to other incendiary fillings. 

Very good correlation has been found between the Gardner and Stormer 
instruments when used in testing gels prepared from a given soap. Either 
instrument may be used for evaluation of gel consistency, but for reasons of 
availability and simplicity the Gardner instrument is preferred. The correla- 
tion between the Gardner and falling-ball consistencies is sufficiently precise to 
justify use of the latter method for control of the viscjosities of flame thrower 
fuels in the field. 

Incendiary fuels are ejected from the flame thrower at rates of shear far in 
excess of that obtained in the instruments used for the evaluation of gel con- 
sistency. A comparison of the Gardner mobilometer with the capillary visco- 
simeter at shear rates obtained in the portable flame thrower indicates that the 
Gardner instrument appears adequate for predicting the performance of flame 
thrower fuels (3). 

The parallel plate method, which has been useful in specifying methacrylate 
gels, could not be correlated with field tests. 

Although the Stormer viscosimeter was considered as a test instrument for 
methacrylate gels, it proved unsatisfactory l>ecause the stiffness (rigidity) of 
the mixture required the use of greater weights for starting rotation of the test 
paddle than the instrument was designed to carry; when rotation was initiated 
the paddle quickly sheared through the material being tested and started racing. 
W. H. Bauer (2) determined that at very low rates of shear the Stormer instru- 
ment was satisfactory for methacrylate and Napalm gels. For consistencies 
exhibited by 10-14 per cent Napalm gels, the Stormer instrument was of no use, 
since the rotating paddle cut through the gel and spun in the space created. 

The penetrometer designed for grease testing was applied to methacrylate gels 
with limited success. Extremely soft gels, while distinguishable from medium 
or stiff gels, were outside the range of the instrument. In the medium range the 
penetrometer could not differentiate with sufficient precision between satisfactory 
and unsatisfactory gels. The only instrument that has been found,satisfactory 
for the evaluation, characterization, and specification for methacrylate incen- 
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diary gels has been the torsicKaeter. The method developed fmr »wng the 
tensiometer appears adequate for characteriang quantitatively the elasticity and 
consistency of such incendiary gels. The elasticity test as conducted on the 
tormometer appears to be in some reflects and within certain limits also a 
measure of the fluidity and coheinveness of the gel. The degree of flow is a 
function of time, and as yet no means of measuring the time required for the 
initial 360° rotation has been devised. When elasticity values are low, the cause 
may be other than hi^ fluidity. Frequently a gel may be so brittle or short 
that a rupture occurs during the course of the 360° rotation. When this happens 
the elasticity will be markedly less. Gels which have low cohesive strength, low 
tensile strength, or shortness usually reflect these characteristics in terms of low 
elasticity (4). 

The apparent viscosity coefficient determined with the capillary tube, 
MacMichael, and Clark- Hodsman viscosimeters has been found to be the same 
as the equilibrium apparent viscosity coefficient as determined on the jeweler’s 
lathe viscosimeter (4). 
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Technical aluminum soaps prepared from mixed fatty acids behave like com- 
plex mixtures whose properties depend greatly on minor variations in the method 
of preparation. An obvious explanation is that this is due to changes in com- 
position brought about by reactions between basic aluminum soaps and fatty 
acids or by the formation of aluminum soaps of different acid combinations. 

In the present paper an alternative possibility is pointed out through the study 
of pure aluminum dilaurate, whose properties may be changed drastically by 
mild physical treatment. This pure soap shows also complex inhomogeneous 
behavior, despite its apparent simplicity, and in many respects closely resembles 
technical aluminum soaps (7). 

VARIABILITY OF AIOHL2 
The ^^original modification^^^ 

Aluminum dilaurate may be obtained as a fine white powder by addition of a 
sodium laurate solution to excess aqueous aluminum chloride and extraction of 
the washed precipitate with acetone (8, 10). It has ash values of 11.56-11.62 
per cent and the lauric acid content of one of the samples was 89.3 per cent. The 
composition corresponding to AIOHL2® is 11.49 per cent AI2O3 ash and 90.5 per 
cent acid. The ash Avas determined by direct ignition at 900-1000°C. The 
lauric acid content was determined by Mr. R. H. Coe by displacement with 
aqueous hydrochloric acid, extraction with cyclohexane, and titration with 

^ Presented at the Symposium on (lei Formation, Detergency, PJmulsification and Film 
Formation in Non-Aqueous (Colloidal Systems, which w^as held under the auspices of the 
Division of Chemistry and the Division of Petroleum Chemistry at the 113th Meeting of the 
American Chemical Society, Chicago, Illinois, April, 1948. 

2 Study conducted under a contract between Stanford University and the Office of Emer- 
gency Management, recommended by Division 11.3 of the National Defense Research 
Committee and supervised by Professor J. W. McBain. 

“Present address: Department of Chemistry, University of Southern California, Los 
Angeles 7, California. 

* The term “modification is used here in a purely empirical sense to denote materials 
having clearly different properties and the same composition without assuming anything 
about their structure or stability. 

* The calculated compositions are based not on the theoretical molecular weights of lauric 
acid, C 12 H 26 O 2 , but on that of the “lauric acid” used in the preparation and which was within 
0.25 per cent of the theoretical . This procedure seems justified by the great difficulty of ob- 
taining completely pure fatty acids and by our essential concern to differentiate, not be- 
tween disoaps of various fatty acids, but between the various soaps (mono-, di-, tri-, etc.) 
of any given acid. Experience with sodium soaps suggested that small amounts of other 
fatty acids have, in general, negligible effects on the properties of a soap. 
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jjkali in tiie pres^ce of water, lliie soap is sli|^tly hygroscopic and may be 
completdy dried by evacuation or storage over phosphorus poatoxule at room 
t^perature (9). It cakes readily. It diows no distinctive features under the 
microscope and even under the electron microscope only irr^lar agglomerates 
werefound, too thick to be translucent to electrons. The x-ray diffraction pattern 



Fio. 1. Mjcrophotometer tracings of x-ray diffraction patterns of six typical modifica- 
tions of aluminum dilaurate, AlOHLj, showing the same Bragg spacings but greatly differ- 
ing sharpness (courtesy of Dr. Sydney Ross) . 

consists of a series of relatively sharp lines and a halo, as shown by the top 
tracings in figure 1. This and the other patterns here presented were obtained 
by Dr. Sydn^ Boss. 

R^roducible behavior upon heating was obtained if the soap was sealed after 
drying in an evacuated tube by a technique essentially as described by Marsden 
(2). Gradual heating was effected mther in a f (need-draft w oven or with much 
better ccmtrcil in a Hershberg meltii^-point apparatus (1). Under tiiese concli^ 



INHOMOGENBITT OF AlUMDTOM DILAOHATE 


1473 


tions the powder sintered to a white opaque mass at 150-170®C., and became 
transparent rather sharply over less than 1®C. at a temperature between 190® 
and 193®C.; this is taken as the melting point because the resulting mass is 
homogeneous and isotropic although of exceedingly high viscosity. It with- 
stands heating for short periods to 300°C. and flows slowly at this temperature. 
Prolonged heating at 300®C. in a sealed tube or even at much lower temperatures 
with drastic temperature gradients results in decomposition. The soap de- 
composes readily before melting unless the tube containing it is evacuated and 
sealed. 


The “crystaUized” modification 

The original appearance of the soap is not restored when cooled from the 
molten state; instead, a hard brittle mass is formed whose properties depend on 
how it is cooled. 

The mass becomes strongly birefringent and markedly opalescent when the 
soap is cooled slowly and kept for 15 min. to an hour between 160® and 170®C. 
It melts sharply upon heating again, losing its opalescence and birefringence over 
a range of less than 1°C. between 193° and 196°C., i.e., about 3° higher than the 
“original,” the exact range of temperature depending on the sample of soap and 
on the way it was crystallized. The cycle of melting and crystallization may be 
repeated many times with a single sample. 

This modification, upon cooling, yields a bluish white, slightly translucent, 
brittle solid. The x-ray diffraction pattern, when compaied with that of the 
“original” modification, shows the same but much sharper lines and the halo 
is resolved into distinct lines (figure 1). 

The “glassy” modijication 

On cooling rapidly the melt obtained by heating either the “original” or the 
“crystallized” modification, a clear, slightly brownish, transparent, brittle glass 
is produced. Its x-ray diffraction pattern is comparable in sharpness to that of 
the “original” modification (figure 1). 

The “recovered-from-gel” modificaiion 

The “original” modification imbibes large amounts of cyclohexane at room 
temperature, forming a turbid gel (3) from which the soap may be recovered 
quantitatively by vigorous evacuation, yielding an almost transparent brittle 
glass having a less sharp x-ray pattern. 

The “recovered-from-jeUy” modification 

The turbid gel formed by either the “original” or “ciystallized” or “recovered- 
from-gel” modifications in cyclohexane changes upon heating to a clear jelly (3). 
This jelly generally remains clear for some time after cooling and the soap may be 
recovered therefrom by evacuation, whereupon it becomes transparent and 
brittle, and its x-ray diffraction pattern shows but faint lines. The position of 
the lines is, however, still the same as in the other modifications. 
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The "lyopkUieed** nutdificaiion 

A dilute sol of the soap in cyclohexane may also be prepared, and after freezing 
and evacuation, the soap is recovered in the “lyophiliz^” modification, which is a 
white fiuffy powder composed of extremely fine films and fibres as shown by the 
electron microscope (5). It gives an x-ray diffraction pattern which is only 
faint but still indicates the same spacing. 

Comparism of these rnodifieations 

There is no change in composition during all the above transformations, as 
they occur either in sealed tubes or with quantitative recovery. All of them, 
by proper heating and cooling, give the same either “crystallized” or “glassy” 
modification, or may be recovered from a sol in the “lyophilized” modification. 

Thus these are all different modifications of the same material, corresponding 
to the composition Al(OH)L 2 . 

The sharp x-ray diffraction pattern and the melting over less than l^C. of the 
“crystallized” modification suggest that a single definite compound is present. 
The unchanging composition upon fractionation by cyclohexane, described 
below, confirms this point of view. 

The differences between the above modifications are summarized in table 1. 
Besides their appearance, melting point, and sharpness of diffraction pattern, 
they also differ markedly in their behavior in cyclohexane at room temperature 
and upon heating. At room temperature, when placed in an excess of cyclo- 
hexane, the “crystallized” modification shows little perceptible interaction even 
after several months; the “lyophilized” modification, on the other hand, dissolved 
rapidly to a sol. Other modifications show an intermediate behavior; the “re- 
covered-from-jelly” swells slowly but without apparent limit, forming a jelly. 
The “origiiuil” swells to 25-50 cc. per gram; the “recovered-from-gel” to only 
about one-third that much. The “glassy” swells markedly but is obviously 
inhomogeneous in its behavior, some parts swelling much more than others and 
most of them appearing as a jelly. 

Upon heating, the viscosity of jellies decreases (6) and the degree of swelling 
of all gels increases (3), followed by a rather sharp transition from gel to jelly. 
The temperature of this transition is 40®C. for the “original” soap and 48®C. 
for the “crystallized.” For the “recovered-from-jelly” and “lyophilized” ones 
it is presumably below room temperature (3). 

Thus these modifications differ markedly in their properties and seem to fall 
between the two extremes of “crystallized” and “lyophilized.” However, the 
order is not very well defined; for example, the “recovered-from-gel” swells 
distinctly less than the “original,” de^ite a more amorphous x-ray diffraction 
pattern. 

The identity of perceptible x-ray diffraction lines shows that no more than one 
crystalline form is present. The variation of sharpness of these lines shows great 
differences in the degree of orderliness; whether this is due to particle size, 
ciystalUte size, or actual variation in r^ularity within a crystal caimot be stated 
at present. 
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It seems ai^areot that hy modifying the physical treatments many other 
modifications of this soap intermediate between or deviating sUght^^ the 
typical <me8 described above mig^t be prepared. For example, “orig^nal’^ 
modificatiaas prepared at different temperatures differ marked^ in their 
resistance to hydrolysis by moist acetone (8). 

INHOMOOBNXil'nr OF ALXnONtlH DILAtnUTE, AlOHLi 

Three hypotheses present themselves to account for the behavior of these 
modifications: 

(/) The simplest is probably that the modifications actually observed are 
secondary mixtures or solutions of two primary modificatimis, one c<nnpletely 
crystalline, the other completely amorphous, somewhat analogous to the Smith 
conc^t of Ihe X and n forms of sulfur. 

(£) A more complicated hypothesis assumes that between the amorphous and 
the fully crystalline there is a continuous (or almost continuous) series of primary 
modifications, each with a definite degree of orderliness, and that the several 
modifications we have described are homogeneous, typical, primary modifica- 
tions. 

(3) A still higher degree of complexity may be assumed in which the primary 
modifications of hypothesis 2 exist but their mixtures or solutions give the 
actually observed secondary modifications. This type of complexity is well 
known in the case of high polymers, where molecules of definite size exist but 
any actual preparation is polydisperse, and widely differing properties may be 
obtained by varying the molecular weight distribution. It is also analr^ous to 
powders which cannot be prepared with exactly uniform particle size and W'hich 
show different properties depending on size. (In these two examples, however, 
the ease of interconvertibility of the different modifications is much smaller.) 

Some indication as to which of these three hypotheses is correct is given by 
the behavior of the “original” soap in cyclohexane (in which the most ordered 
“crystalline” modification is practically inert at room temperature and the most 
amorphous “lyophilized” modification dissolves completely). 

If the modifications were all stable and reversibly soluble (like polymers), 
then according to the first hypothesis cyclohexane would fractionate any inter- 
mediate into varying proportions of two fractions, according to the second each 
modification would be homogeneous and have a definite solubility, and according 
to the third the solvent could fractionate each modification into a large number 
of different fractions. 

The modifications of aluminum dilaurate are, however, certainly not truly 
stable nor reversibly soluble in cyclohexane. In the dry state, we have never 
noticed any change over a period of 18 months. Visual observations of the soap 
in the presence of cyclohexane in sealed tubes showed that, upon rairit^ the 
tCToperature, the interaction between soap and solvent came apparently to a 
stable state within 20 min. or less once the soap was well swollen, and within 1 or 
2 days ff it was not yet swollen. Upon coding, however, the inteiraction between 
soap and solvent seemed to be much slower with frequent marked supersatura- 
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tion. Furthermore, upon precipitation, more stable, more crystalline modifica- 
tions mi^t be formed (3). Thus any equilibrium between solute and solution 
is not too well defined and is probably an unstable one. 

The appearance and volume of the swollen soap depend, however, on the 
modification considered and even after months of contact with the solvent at 
room temperature there is little indication of any change from one modification 
to another. Thus the rate of transformation l)etween them is at least very slow 
at room temperature, compared with the rate at which cyclohexane interacts 
with each. 

Nevertheless it seems that a definite amount of soap dissolves under re- 
producible conditions, such as gentle tumbling of the dried soap (9) with cyclo- 
hexane in 25-cc. graduates, maintained within O.l^C. in an air thermostat. 
The amount dissolved was determined by weighing the residue of a known 
weight of filtered supernatant liquid after freezing and evacuation. 



flM. hours 

Fig. 2. “Original** aluminum dilaurate-cyclohexane. Variation of soap content of 
supernatant liquid with time. 


EFFECT OP TIME 

Figure 2 shows the effect of time over several days at two temperatures on 
systems containing ‘‘originar^ soap and cyclohexane. After about 2 days there 
is little further change. That there is a limit to the amount of soap which 
dissolves is definitely indicated by qualitative observations in sealed tubes, which 
show that even in systems containing only 0.3 per cent of soap the solution is only 
partial at room temperature even after many months. Therefore the terminal 
value after 2-4 days is quite definite for a given soap under specified conditions. 

EFFECT OF VARYING SOAP TO SOLVENT RATIO 

Figure 3 shows the change in concentration of the supernatant liquid as the 
proportion of soap to cyclohexane was changed, other conditions remaining the 
same. In one series the temperature was 25®C. and the time 2 days, in the other 
21 .5®C. and 4 days. Each series shows that the amount dissolved is proportional 
to the amount present within the range and precision of the experiment. This 
is shown in figure 4, where the proportion of soap dissolved is plotted and ap- 
pears constant when the ratio of cyclohexane to soap varies. 

In all the above experiments each point corresponds to a separate system 
opened only for analysis. In another experiment 25 cc. of cyclohexane was 



1478 


KABOIi 3 . irrSBiS AND JTASIES W. MCBAIN 


oonc. 

wt.jC 



Fig. 3. *‘Originar* aluminum dilaurate-cyclohexane. Variation of soap content of 
supernatant liquid with amount of soap present and with temperature. 



Fig. 4. “Originar' aluminum dilaurate-cyclohexane. Variation of weight fraction of 
soap dissolved with amount of soap present and with temperature. 
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agitated with 99 mg. (0.51 weight per cent) of soap at 25®C. After 24 hr. as 
much as possible (19.5 cc.) of the supernatant liquid was withdrawn (and ana- 
lyzed) and replaced by fresh solvent. This was repeated every day and the 
amount dissolved computed. Again 27 per cent of soap dissolved in the first 2 
days and not more than 9 per cent in the following two, although the concentra- 
tion of the supernatant liquid fell from 0.115 per cent after the first day to 0.03 
per cent after the fourth day. Thus again a fraction of the soap dissolves 
readily while the remainder does not. 

An obvious question is whether the dissolved and undissolved materials have 
the same composition as the initial soap, or if they are different. To answer this 
a fraction soluble at 25®C., recovered in 'lyophilized” modification after the 
evaporation of the solvent, w^as heated in a sealed evacuated tube. It seemed to 
melt at 189~190°C. After being cooled and kept at 160°C. until completely 
birefringent, it melted at 194-195®C. A sample of the original soap melted 
(after crystallization at 160°C.) at 194.5-195.5°C. The x-ray diffraction pattern 
of the crystallized soap obtained from the dissolved portion was sharp and 
indistinguishable from that obtained from the original soap. 

Thus the dissolved portion is identical in composition with the original soap, 
a result which confirms the view that the material studied is A 10 HIj 2 . 

Since the most likely impurity in the soap was lauric acid, a small amount of it 
was added to one of the systems but had no noticeable effect, as shown by the 
cross in figures 3 and 4. 


EFFECT OF TEMPERATURE 

As the temperatui-e increases from 21.5® to 25®C. the proportion of soap 
dissolved increases from about 8 to 26 per cent, as shown by figures 3 and 4. 

In this connection it may be noted that visual observation of the soap as the 
temperature is raised shows no abrupt changes in the system (the gel-jelly 
transition temperature, while sharp and easily observed, may correspond to the 
disappearance of only a minute quantity of soap, of the order of 0.05 per cent) 
(3). It seems therefore that 8 and 26 per cent are simply characteristic of these 
particular temperatures and that the proportion dissolved would vary con- 
tinuously with temperature. Experiments at lower temperatures become 
difficult, however, owing to the extremely low concentration of the solution, and 
at higher temperatures the soap swells so much as to make the separation of 
supernatant liquid very difficult. 

INTERPRETATION 

These facts lead to definite conclusions with respect to the structure of the soap. 
Were the soap homogeneous, consisting of one primary modification (hypothesis 
2), it should tend to saturate the cyclohexane always to the same extent, i.e., 
give a constant concentration in the solvent and varying proportions dissolved as 
the ratio of soap to cyclohexane is varied. This is exactly contrary to experi- 
ment. 
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If the soap is a mixtare of two (or more) primary modific!ati<ms (hypothesis 1 
or 2) and if one (or more) is very soluUe and the other (me (or more) relatively 
insoluble in cyclohexane at a given temperature, then the pr(^rtion of soap 
dissolved should reflect the ratio of these primary modifications and the ctm- 
centration in the solvent should vary as the supply of the scduble material varies. 
This is in agreement with each series of experiments. 

If only two primary modifications are present (hypothesis 1), the prc^rtion 
dissolved should be the same at both temperatures as long as the soluble one 
dissolves completely and the insoluble does not dissolve. (If tire insoluble dis* 
solves scunewhat, the proportion dissolved should vary.) This is again c(m> 
trary to expmiment. 

Thus only the third hypothesis remains: namely, that more than two primary 
modifications make up the soap. The experiments might agree with the exist- 
ence of three such modifications: (a) not dissolving at 25°C. and forming 74 per 
cent of the soap; (6) dissolving at 21.5®C. (8 per cent); (c) not dissolving at 21.6® 
C. and dissolving at 26®C. (18 per cent). It seems more reasonable to assume, 
in agreement with qualitative observations, that there is a continuous series of 
degree and uniformity of organization. 

SUMMARY 

Aluminum dilaurate, in its “original” mcxlification as prepared, is a fine white 
powder of formula AlOHL*. This may be changed by physical treatments into 
other modifications differing definitely in their properties, such as melting pioint, 
solution and swelling in hydrocarbons, and tirarpness of x-ray diffraction pattern, 
yet having the same composition and the same Bragg spacings and being trans- 
formable into identical m<xlifications. 

When placed in cyclohexane the origiiml soap dissolves only partially, the 
I»oporti<m dissolved being independent of the amount of solvent but varying with 
temperature. This indicates that these modifications are not themselves 
hom(^ene<nis but are products covering a continuous range of degrees and imi- 
formity of organization and therefore having different degrees of crystallinity, 
different stability, and different activity. These are presumably not allotropic 
mcxlifications, but although thermodynamically unstable are of extremely long 
life in tire dry state. They are not phases in the true Gibbsian sense. Their 
differences, due to varying orderliness of crystal arrangement or of crystallite 
size, have an effect analogous to that of particle size or degree of polymerization 
and give a continuous transition between a completely crystalline and an amor- 
phous extreme. 
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The earliest greases were simple greases of lime soaps and oil (6) and did not 
prove to be satisfactory from the point of view of stability, texture, consistency, 
etc. Modem grease technology has overcome these drawbacks and has yielded 
very superior products, but the processes involved in the manufacture of these 
special greases are as a mle safely guarded, with the result that very little 
pertinent data is available in the literature. Additives doubtless play a major 
rdle in modifying the properties of these soap--oil systems, and it is on this aspect 
that the present paper is based. 

Holmes and Maxson (5) found that small traces of water, fatty acids, etc., aid 
or hamper the dispersion of soaps in turpentine, paraffin oil, and benzene, and 
increase or decrease the solvent-holding capacity of the soaps considerably. 
Da Fano (1) and Lawrence (8) found that the gels of alkali and alkaline earth 
metal soaps in Nujol and other organic media are sensitive to the addition of 
small amounts of certain polar compounds vdth which they apparently form 
complexes. Lawrence (9) reports in a subsequent paper that the gelation tem- 
perature of gels of sodium stearate and calcium stearate in Nujol is lowered by 
the addition of free fatty acids, alcohols, and cresols, and attributes this phe- 
nomenon to the peptization of the soap and the formation of complexes of the 
type NaStr : HFa and CaStr* : HFa, where HFa is the fatty acid. More recently, 
Smith (14) has found that the addition of small amounts of water to systems of 
undried and anhydrous sodium stearate in toluene lowers the temperature of 

* Preaented at the Symposium on Gel Formation, Detergency, Emulsification and Film 
Formation in Non-Aqueous Colloidal Systems which was held under the auspices of the 
Division of Colloid Chemistry and the Division of Petroleum Chemistry at the 113th Meet- 
ing of the American Chemical Society, Chicago, Illinois, April, 1948. 

* Present address: Department of Chemistry, University of Southern California, Los 
Angeles 7, California. 
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transformation to the isotropic phase (the temperature at Riuch anisotropic 
material separates from an isotropic solution on cooling), and accelerates the 
tran^ormation from the liquid ciystalline state to the gel form. Sunilar modi- 
fications are observed on the addition of water, lauric acid, and methyl alodud to 
systems of sodium stearate in cyclohexane, but the addition of nitrobenzene 
had no such effect. 

Hattiangdi (2) and Prasad, Hattiangdi, and Adarkar (11) have investigated 
the effects of numerous additives, such as fatty acids, alkali soaps, and aromatic 
hydrocarbons, on the syneresis of sodium oleate gels in pinene. The soaps 
retard and tend to stop the syncretic phenomenon, the retardation decreasing in 
the order NaP > KStr > NaStr. The effects of the addition of three closely 
related fatty acids (palmitic, stearic, and oleic) are, however, very different. 
Benzene and toluene retard syneresis, while xylene and mesitylene accelerate it. 
The retarding effect of Nujol is analogous to that of the soaps, inasmuch as there 
is a tendency to stop ^neresis on the addition of a small optimum amount of this 
heavy parafBn oil. 

The present paper embodies the results of investigations on the effects of 
numerous other additives on the syneresis and setting time of soap gels in pinene, 
and on the opacity changes taking place during the gelation of soap-alcohol- 
water systems. These three properties were selected for observation since they 
permit direct comparison with the results of measurements made on the same 
soap-oil systems without any additives (11, 12, 13). 

MATERIALS 

The sodium palmitate and sodium oleate were products of the British Drug 
Houses, and the sodium stearate of E. Merck. Their melting points, as de- 
termined visually on a capillary-type melting-point apparatus, were 270°, 232°, 
and 260°C., respectively. 

The pinene and ethyl alcohol were products of the Eastman Kodak Company, 
and the Government Distillery, Nasik (India), respectively, and were the frac- 
tions distilling at 156°C. (pinene) and 79°C. (alcohol). The refractive index and 
specific gravity of pinene, determined at 30°C., were 1.4658 and 0.858, and of 
ethyl alcohol were 1.3624 and 0.785. 

The organic solvents used as additives were pure products of either E. Merck, 
Schering-Kahlbaum, Eeidel-Haen, or British Drug Houses, and were used after 
their purity was confirmed by means of standard methods. The palmitates 
and stearates of magnesium, calciiun, strontium, barium, zinc, cadmium, and 
mercury were prepared by metathetic reaction of the sodium soaps with iJie 
heavy metal chlorides in 50:50 alcohol-water. Their specifications are givmi 
in detail elsewhere (15). 

EXPERIMENTAL TECHNIQUE 

Syneresis 

Gel-forming solutions containing 0.09 g. of sodium oleate and small known 
amounts the additive in 7 ml. of pinene were prepared in test tubes of the 
diameter (2r * 1.45 cm.) by heating the ^stem to about 140-145“C. in an oil 
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bath. The hot homogeneous solutions were allowed to cool, gelate, and synerize 
in a water thermostat maintained at 30°C. The amount of synereticum exuded 
after 2 hr. was determined by the method employed by Prasad, Hattiangdi, et al. 
(12, 13), which involves weighing the gel system before and after the careful re- 
moval of syneretic liquid by small rolls of filter paper. The probable error is of 
the order of ±5 per cent. The results obtained are presented on a percentage 
basis in table 1, the amount of synereticum exuded by the sodium oleate gel in 
pinene without any additive being taken as a standard for determining the 
increase or decrease in the extent of syneresis. 

Opacity 

Gel-forming solutions containing 0.6 g. of sodium oleate and 0.5 ml. of the 
additive in a mixture of 7.5 ml. of ethyl alcohol and 0.5 ml. of distilled water were 
prepared at about 60°C. The changes in the intensity of transmitted light during 
the sol-gel transformation of these systems were measured by means of a Klett- 
Summerson glass-cell photoelectric colorimeter. A projection-type electric 
lamp (100 watts; 230 volts) fitted with a blue filter (400-465 millimicrons) 
was used as the source of light, and the current produced by the photocells was 
measured by means of a galvanometer of the suspension wire type. The opacity 
of the s>"stem (that is, the reciprocal of the intensity of transmitted light) was 
measured in terms of the divisions on the potentiometer slide-wire which are 
necessary to nullify the potential applied to the galvanometer. The instrument 
yields very accurate results (within ±0.3 per (^ent) and can be manipulated 
easily for rapid measurements. The experimental procedure was the same as 
that adopted by Hattiangdi (3). The results obtained are shown graphically 
in figure 2, in which the values of opacity, in terms of the scale divisions of the 
instrument, are plotted as a function of time. 

Setting time 

Gel-forming solutions containing 0.07 g. of either sodium palmitate, stearate, 
or oleate in 10 ml. of pinene were prepared as described earlier in test tubes of 
the same diameter (2r = 1.45 cm,). Small amounts of any one of the heavy’^ 
metal soaps were added and dissolved. The hot homogeneous solutions were 
then allowed to cool and gelate in a w'ater thermostat maintained at 30®C. 
The system was considered to have set to a gel when it did not flow out of the 
container when inverted (4) ; the exact setting time was deteimined by repeating 
the experiment, each time disturbing the gel-forming system as little as possible. 
The results obtained are presented on a percentage basis in table 2, the setting 
time of a gel without any additive being taken as a standard for determining 
the extent of increase or decrease. 

RESULTS AND DISCUSSION 
SYNERESIS 

Effect of (dcohols 

The per cent increase or decrease in the extent of syneresis of sodium oleate 
gels in pinene in the presence of various additives is shown in table 1, from which 
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it will be- seen that the eohaseed syoeresis caused by the addition oi equtd 
amounts oi the normal aliphatic alcohols decreases in tibe order 

CjHjOH > n-C»H70H > n-C4HsOH > w-CtHijOH 

Methyl alcohol is immiscible with pinene, and measurements could not therefwe 
be made with this alcdiol as an additive. 

Contrary to the behavior of the normal alcohols, the isoalcc^ols decrease Ihe 


TABLE 1 

Effect fif additives on the per cent increase (4*) or decrease (— ) in the 
syneresis of sodium oleate gels in pinene 


ABDXXtVS 

EVFECT 

AMOUNT Of AODmVB PlBtBMT (ZN MXLLIUIKBS) 

0.1 

0.2 

0.3 

0.4 

0.5 

1.0 

2.0 

3j0 

CiHgOH 

4 

228.0 


275.1 


263.5 

241.9 



n-CiHrOH 

•f 

160.0 


201.4 


208.1 




i-CaH70H 

— 

446.6 


424.6 


18.7 

64.8 

76.3 

89.1 

«-C4HgOH 

4- 

90.1 

118.7 

130.5 






t-C4HgOH 

— 

24.4 


63.5 


63.2 

82.2 

88.1 

96.1 

n-CsHnOH 

+ 

23.8 

46.4 

52.2 


44.0 




CHCU 


14.2 


16.0 


26.4 

29.5 

36.2 


CCl* 

— 

3.4 


3.7 


4.1 

5.1 

6.3 

7.7 

CiHgCl 

+ 

66.3 

1 

i 

73.7 


66.4 

66.5 

64.1 

59.7 

'CgH|Br 

4 

103.3 


120.8 


111.8 

88.5 

86.1 

81.7 

7)-CH3C.H4C1 

— 

8.2 

1 

I 

16.0 


20.7 

23.4 

18.7 

10.9 

Methyl ethyl ether 

4 

1 88.1 

134.2 

125.1 

146.4 

172.4 


I 

1 


Anisole 

4 

73.3 


i 59.6 


47.1 

28.5 

19.7 

29.3 

Phenetole 

4 

! 144.4 


131.4 


111.4 

71.0 

52.6 

51.6 

Phenol 

4 

36.3 








o-Cresol 

4 

49.6 

107.6 

391.1 

438.8 





w-Cresol 

— 

1.1 

2.8 

4.7 

4.2 

4.0 




p-Cresol 

4 

31.9 

49.9 

101.2 

I 126.6 



1 


Methyl ethyl ketone 

4 

91.3 

141.2 

148.9 

188.8 

198.2 




Benzyl alcohol 

4 

72.3 


171.2 


366.6 


1 



extent of syneresis, the effect due to isobutyl alcohol being greater than that 
with is(^ropyl alcohol. 

Curves obtained on plotting the per cent increase or decrease of syneresis 
against the amounts of the additives present are shown in figure 1, from which 
it will be seen that the presence of small amounts of the additives exerts a pro* 
nounoed influence. With the addition of increasing amounts of the nfwmAl 
alcohols, the per cent increase is rapid initially, reaches a mArimi|m, and then 
decreases slii^tly to an almost constant value. The behavior in the presence of 
iscyfHopyl alcohol is rather anomalous, in that the initial accelerating effect 
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diminishes till it actually' retards the heretic process. The addition of in* 
creasing amounts of isobutyl alcohol diminishes syneresis {Rapidly initially and 



Fig. 1. Effect of the addition of aliphatic alcohols on the syneresis of sodium oleate gels 
in pinene. 

fairly dowly as amounts larger than 1.0 ml. are added; no maximum point of 
infleefaon is shown. 


Effect of hatogmaied hydrocarbons 

Chlorobesisene and bromoboisene increase the extent of syneresis oS sodium 
oleate gds in pinene, wher^ carbon tetrachloride, chloroform, and p-chloro> 
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toluene diminish it. The increased effect due to bromobenzene is greater than 
that with chlorobenzene, while the diminution due to the other substances 
decreases in the order: 


CHClg > p-chlorotoluene > CCh 

The curves obtained on plotting the per cent increase or decrease of syneresis 
against the amounts of the additives present show that the behavior in the pres- 
ence of small increasing amounts of chlorobenzene and bromobenzene is similar 
to that with the normal aliphatic alcohols. The per cent decrease in the case of 
chloroform, carbon tetrachloride, and p-chlorotoluene increases rapidly initially 
and then rather slowly with increasing amounts of the additives; this behavior 
is similar to that with isobutyl alcohol. 

Effect of ethers 

All the three ethers used — namely, methyl ethyl ether, anisole, and phenetole — 
increase the extent of syneresis of sodium oleate gels in pinene. The per cent 
increase is very pronounced in the presence of small amounts of methyl ethyl 
ether but not so marked with larger additions. The behavior of anisole and 
phenetole is different inasmuch as the acceleration, which is profound with small 
additions, drops off considerably as increasing amounts of the additive are 
present. Also, for a given amount of the additive present, the per cent increase 
due to phenetole is greater than that with anisole. 

EffetA of phenol and cresols 

The results presented in table 1 show that o- and p-cresols favor the S 3 meresis 
of sodium oleate gels in pinene, whereas m-cresol hampers it. The amount of 
c^nereticum exuded in the presence of o- and p-cresols increases rapidly as the 
amoimt of the additive is increased. The retardation due to m-cresol, which 
is not very significant \\’ith small additions, increases slowly as the amount of 
this additive is increased. 

The effect of the addition of phenol could be examined at only one concentra- 
tion, since the system does not set to a gel even on long standing if larger amounts 
of this additive are present. 

Effect of other compounds 

The additipn of esters yielded negative but interesting results. Methyl 
acetate is not miscible in pinene, and although butyl acetate is miscible, the 
soap crystallizes out on cooling the soap-pinene-butyl acetate system. Pseudo- 
gels are obtmned in the presence of varying amounts of ethyl and amyl acetates, 
those with the former being weaker and more susceptible to breakdown 
the pseudo-gels obtained with the addition of the latter ester. 

TTie dihydroxy alcohols methylene ^ycol and ethylene glycol and the tri- 
hydrojqr alediol glycerol are not readily miscible in pinene, and gels ate not 
obtained in their presence. Psuedo-gels are obtained in the presence of amn.ll 
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amounts of nitrobenzene, but the soap refuses to dissolve if the amount of this 
additive is increased. 

Methyl ethyl ketone and benzyl alcohol accelerate the syncretic process of 
sodium oleate gels in pinene (cf. table 1), increasing rapidly as the amount of 
these additives is increased. 

Quantitative measurements with carbon disulfide could not be made, as the 
system bumps vigorously on heating even when very small amounts of this 
additive are present. Qualitative measurements indicate, however, that it 
tends to increase syneresis to a marked degree. 

Discussion 

Hattiangdi (2) has pictured the gelation of soap systems in organic solvents as 
composed of the following main steps: (a) the synthesis of primary colloidal 
particles from a mole<;ular solution; (6) the gradual increase in size and number 
of the secondary aggregates; (c) the aggi*egation of these particles into fibrous 
thi-eads; (d) the formation of a gel structure and the immobilization of the 
dispersion medium. The (colloidal aggregates are held together by forces of 
residual valencies ; hence they are not very stable units. In trying to go over to a 
stable state, such as that of coarse particles, the colloidal aggregates in a set gel 
approach one another and readjust the gel structure, thereby causing a shrinkage 
of the gel and the exudation of the syncretic liquid. The data presented in 
table 1 show' that the orientation of gel structures, as manifested by syneresis, 
<^an be modified by suitable additives. In achieving this, the additives pre- 
sumably affect the solubility of the soap-pinene system and/or favor peptization 
and complex formation. 

Palit and McBain (10) have shown that the solubility of alkali and heavy 
metal soaps, which is comparatively low in pure hydrocarbons or alcohols or 
glycols, is very much enhanced in mixtures of the three types of solvents. By 
analogy, the presence of small amounts of the different additives either increases 
or decreases the solubility of sodium oleate in pinene. The extent of syneresis 
would presumably be more in the former case, and less in the latter. The 
maxima obtained in the various curves at about 0.5 to 1.0 ml. of the additives 
suggest that the effect on solubility is most pronounced in this range. 

Another plausible explanation of the effect of additives seems to be the pepti- 
zation of colloidal entities and the formation of colloidal complexes. The pres- 
ence of the additives in the gel-forming solution would modify most of the steps 
involved in the process of gelation. When the binding forces of residual valencies 
are weak, the tendency to form adsorption complexes is attenuated and syneresis 
is pronounced. The factors which contribute tow'ards the polarity of the added 
molecules, and which influence the forties by which the colloidal aggregates are 
held, are the number and positions of specific active groups, the length of the 
hydrocarbon chain, the molar polarization, and the molar density. It is interest- 
ing to examine the data on the behavior of the various additives in terms of the 
possible existence of a relation between the physical-chemical characteristics of 
the additives and their effects on the syncretic process. 
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It was observed in tbe case of the normal aliphatic dcc^ds that the per 
cent increase in syneresis diminidies in the order: 

CzHjOH > n-CaHjOH > n-CiH^OH > n-CjauOH 

On plotting the per cent increase caused by the addition ai an equivalmt amount 

the various alcohcds against the number of CHt groups contamed in thon, a 
straight line is obtained, indicating that the per c^t increase in syneresis is 
proportional to the length of the alcdiol molecules, decreasing as the chain 
length increases. 

Among the aliphatic halogenated hydrocarbons, chloroform and chloroboasene 
exert greater retarding effects than carbon tetrachloride and bromobaizene, 
respectively. This suggests that the increased density of the added molecule 
contributes towards the greater instability of the gel Avhich is evidenced by 
more prmtounced ssmereds. The retarding effect of p-chlcsrotoluene suggests 
that the presence of a methyl group in the para position with reference to chlorine 
increases the l^gth of the molecule and decreases the activity of the chlorine 
atom (tf: a similar increase in the hydrocarbon chain of the alcohol molecules 
resulted in a diminishing influence of the hydroxyl group and the greater stability 
of the gel system). 

The order in which the cresols affect syneresis is rather surprising, since a 
methyl group in the para position with respect to the active hydroxyl would be 
expected, on the above reasoning, to affect syneresis least. This anomalous 
behavior may be due to the fact that the peptizing efficiencies of isomers are, as 
pointed out by Lawrence (ft), sometimes markedly different. 

Thus, in general, the increase or decrease in the extent of syneresis in the 
presence of additives belonging to a homologous series varies in a regular manner, 
and appears to be related to (a) the length of the hydrocarbon chain attached 
to any active group (such as hydroxyl, halogen, etc.) in the molecule, and (b) the 
density of the molecule. 


OPACITY 

Reavits 

The effect of the addition of various normal alcohols on the <^acity changes 
with time taking place during the sol-gel transformation of sodium oleate 
i^stems in ethyl alcohol-water mixtures is shown graphically in figure 2, from 
which it will be seen that the opacity values, which are low and constant initially, 
rise very slowly at first and then very rapidly and once again rather slowi^, 
tending to att^ a constant value. After this stage, the curves rise very rapidly 
once again and later taid to run parallel to the time axis. The general nature of 
these qpacity-time curves is very nmilar to those reported by Hattiangdi (3) for 
soap-pinene systems. 


Diaeuaaion 

Laing and McBain (7) have drown from conductivity and ebulUoscc^c data 
that alkali soiq>s behave like iMxmal electrolytes at the bmling p<^ of both 
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anhydrous and moist alcohol, and that the solutions are true molecular solutions. 
Ihe soaps crystallize out like a normal substance on cooling the solutions in 



4 — TINE (alautM) 

Fro. 2. Effect of the addition of normal aliphatic alcohols on the opacity of sodium 
oleate-ethy] alcohol-water systems. 

anhydrous alcohol, but colloidal complexes are formed in the presence of small 
amounts of water. 

llie approximate consttmcy in the initial values of opacity of the gel-forming 
4sy8tems of sodium oleate in alcohol-water is due to the fact that the absorption 
hl^t by a true molecular solution does not change appreciably unless aggrega- 
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tion takes place and suspended pM-ticles interfere. Even if primary odloidal 
particles are formed in this period of initial cooling, their sise and number is 
evidently extremely small such as would not affect the values of opacity 
appreciably. 

Further cooling of the solutions increases their degree of satmatimi and causes 
the formation of a larger number of primary particles. This is evidenced by the 
slow increase in opacity values with time. The subsequent rapid rise su^ests 
the formation of secondary aggregates and a general increase in both their size 
and number. As this process nears completion, the secondary aggregates be- 
come heavily solvated, greatly reducing the amount of free dispeimon medium. 
The changes in the intensity of scattered light are not large during this period of 
solvation, owing to the changing refractive index of the micelles. Hence, the 
opacity increases rather slowly, tending to reach an almost constant value. It is 
interesting to note that this period coincides approximately with the setting 
time of the gels as observed by other methods. 

The sudden change in the direction of the opac‘ity-time curves at this stage is 
caused probably by structural changes which continue to take place in the set 
gels on further cooling and standing. In view of the fact that these gels set at a 
temperature much higher than the room temperature, it seems reasonable to 
assume that the structural changes are brought about by the separation of the 
soap from a state of solution or suspension in which it exists either in the inter- 
micellaiy or in the interfibrillaiy liquid. 

It will be seen from figure 2 that the general chara^^tteristics of the opacity-time 
curves are maintained in the presence of the different added alcohols. The 
additives increase the opacity of the original gel-forming system in the order: 

CH,OH < CjHjOH < n-CjHTOH < »-C 4 H.OH < n-C»HuOH 

It is interesting to note that this order is in accord with the position of the 
various alcohols in the homologous series, and suggests that the opacity of the 
system is a function of the refractive index of the added alcohol. 

The decreased opacity in the presence of the lower alcohols may also be due to 
the fact that their peptizing action is proportionately larger, inasmuch as fewer 
munber of smidl particles would on an average permit more light to be trans- 
mitted than a greater number of larger particles. 

SETTING TIME 

Results 

It was found during experimentation that stable gels are obtained when small 
increasing amounts of the palmitates and stearates of calcium, strontium, and 
barium are added to the gel-forming systems of sodium p^mitate, stearate, and 
oleate in pinene. However, t 3 ’pical gels are obtained in the presence of only 
0.01 g. oi the palmitates and stearates of magnesium, zinc, cadmium, and mer- 
cury, the addition oS larger amounts of these additives yielding loose psuedo-gels. 
Hie effect of the addition of calcium, strontium, and barium soaps is tiius very 
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different from that produced in the presence of magnemum, zinc, cadmium, and 
mercury soaps. 

The per cent increase or decrease in setting time due to the addition of equal 
amounts of the several heavy metal soaps is shown in table 2, from which it will 
be seen that the addition of the heavy metal soaps to the gel-forming solutions 
of sodium palmitate, stearate, or oleate in pinene usually causes a decrease in the 
setting time, and this acceleration of the setting process increases with increasing 


TABLE 2 

Per cent increase or decrease in setting time due to the addition of heavy metal soap9 
(All values are (-f ) except where indicated otherwise) 

PES CENT OECSEASE (-f-) OE XMCIEASE (~) IN SETTING TIME OE SOAP GELS IN 
PINENE 


ADDITIVE 

Amount of additive in 
sodium palmitate gel 

Amount of additive in 
sodium stearate gel 

Amount of additive in 
sodium oleate gel 

O-Ol g. 

0.02 g. 

0.03 g. 

0.01 g. 

0.02 g. 

0.03 g. 

0.01 g. 

0.02 g. 

0.03 g.. 

CaPa 

4.49 

11.91 

18.76 

12.62 

14.29 

21.27 

28.68 

29.36 

34 1^ 

(^aStra 

7.87 

11.91 

17.50 

16.50 

18.36 

25.53 

33.83 

34.13 

38.46- 

SrPa. . . . 

1.12 

7.14 

13.75 

8.73 

10.20 

17.02 

25.00 

25.39 

29.98 

SrStra. . . 

3.37 

7.14 

12.50 

11.65 

14.29 

21.27 

30.15 

30.95 

35.04 

BaPa 

-2.25 

4,76 

8.76 

4.85 

6.12 

11.72 

21.32 

22.22 

26.50 

BaStra 

0.00 

3.57 

7.50 

7.76 

10.20 

17.02 

26.47 

26.99 

31.62 

MgPa 

7 76 

* 

* 

21.39 

* 


32.36 

e 


MgStra .. . 

11.66 

* 

« 

22.47 


* 

36.77 

* 


ZnP, , ■ 

4.85 

* 

<«> 

19.10 

♦ 

4* 

29.42 

* 


ZnStTa 

8.74 

1 

♦ 

* 

20.22 

* 

* 

33.09 

* 

*■ 

CdPa . 

i • 0.00 

* 

♦ 

16.86 

* 

* 

24.95 

* 

♦ 

CdStra . . .... 

! 4.86 

1 


♦ 

17.98 

♦ 

* 

29.42 

* 

* 

HgPa 

i -6.79 

* 


12.36 

♦ 

* 

18.39 

* 

* 

HgStra 

1 -1.94 

* 

* 

13.48 

« 

1 

* 

22.80 

♦ 

♦ 


• Loose pseudo-gel; no measurements made. 


amounts of the additives present. The only exceptions to this behavior are 
the effects of the addition of 0.01 g. of barium palmitate and stearate, cadmium 
palmitate, and mercuric palmitate and stearate to the ^1 ^stem of sodium 
palmitate in pinene, these systems exhibiting a retarded setting process. 

It will also be seen from table 2 that the heavy metal stearates accelerate the 
setting process to a greater extent than the corresponding palmitates. Further, 
the per cent acceleration of the setting process decreases in the order: 

Ca > Sr > Ba and Mg > Zn > Cd > Hg 



AMD nUBAD 



Fig. 3. Effect of the addition of calcium, strontium, and Fig. 4. Effect of the addition of mague«um, xIuCa eadmiiim, 

banum soaps Uie setting tinm of some alkali soap gels in and mercury soaps on the setUng time of some alkiUi soap gels 

piirae. in pinene. 
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An attempt was made to see whether the per cent increase or decrease in 
setting time is related to the atomic weight of the cations in the added soaps. 
The various curves in figures 3 and 4 show that straight lines are obtfuned for 
both the palmitates and the stearates, and further that these are almost parallel 
to each other. Also, the points for calcium, strontium, and barimn soaps lie on 
one straight line, whereas those for magnedum, zinc, cadmium, and mercury 
soaps lie on another. It is interesting to note that the effect of the addition 
these heavy metal soaps is in keeping with the positions of the cations in the 
sub-groups, the effect of the magnesium soaps being aligned with those of the 
zinc, cadmium, and mercury soaps rather than with the calcium, strontium, and 
barium soaps. 

Discussion 

As pointed out in a previous paragraph, the setting process of soap gels in 
organic solvents is a function of (t) the amount of supersaturation, (u) the 
number and size of the secondary aggregates, and (ni) the forces of residual 
valencies by which the collddal particles are held together at random in a sort of 
brush-heap structure. The presence of small amounts of the heavy metal soaps 
presumably favors the formation of certain complex cconpounds which facilitate a 
rapid increase in the three factors mentioned above, thus accelerating the setting 
process of the gel ^stem. The exact nature of this influence is evidently de- 
pendent on the constitutive properties of the added soaps and, for a series of 
soaps in which the fatty acid part remains the same, the degree of acceleration, 
is related to the atomic weight of the cation in the added soap. 

SUMMARY 

The effect of numerous additives on the syneresis, opacity, and setting time 
of alkali soap gels in pinene and alcohol-water has been investigated. 

The addition of normal aliphatic alcohols accelerates the syneretic process of 
sodium oleate gels in pinene, whereas isoalcohols retard it. The hidogenated 
hydrocarbons bromobenzene and chlorobenzene accelerate syneresis, while 
p-chlorotoluene, cartxm tetrachloride, and chloroform retard it. Ihe addition of 
phenol and o- and p-cresols accelerates synereras, but m-cresol has a retarding 
effect. All the other additives employed — ^namely, methyl ethyl ether, anisole, 
phenetole, methyl ethyl ket<»ie, and benzyl alcohol — ^accelerate syneresis. 
The acceleration or retardation of syneresis appears to be dependent, in some 
eases, on the physical-chemical characteristics of the additives. 

The effect the addition of various normal aliphatic alcdiols on the opacity 
changes taking place during the sol-gel transformation of sodium oleate-ethyl 
alcohdl-water eystems has been investigated. The additives increase the 
opacity in the order: 

CHiOH < C»H»OH < u-COItOH < n-C4H,X)H < n-CjHuOH 

Hie adiditian oS. the palmitates and stearates of calcium, strcmtium, barium^ 
magnesium, zinc, cadmium, and mercury accelerates the setting process of 
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alkali soap gels in pinene. The per cent acceleration is greater with a stearate 
than a palmitate, and decreases in the following order for the cations: 

Ca > Sr > Ba and Mg > Zn > Cd > Hg 

The per cent increase or decrease in setting time is related linearly to the atomic 
weights of the cations in the added soaps, and decreases with increasing atomic 
weights. 
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THE ELECTRICAL BEHAVIOR OF DODECYLAMMONIUM 
CHLORIDE IN WATER-ORGANIC SOLVENT SYSTEMS' 

A. W. RALSTON and D. N. EGGENBERGER 
Research Laboratory, Armour and Company, Chicago, Illinois 

Received June ^8, IdJ^B 

Dodecylammonium chloride is a typical cationic colloidal electrolyte and the 
electrical behavior of its aqueous solutions has been the subject of several recent 
studies (9, 10, 13). Its critical concentration has been determined (2) by the dye 
method to be 1.27 X 10~^ molar, which value is in substantial agreement with 

^ Presented at the Symposium on Gel Formation, Detergency, Emulsification and Film 
Formation in Non-Aqueous Colloidal Systems which was held under the auspices of the 
Division of Colloid Chemistry and the Division of Petroleum Chemistry at the 118th Meet- 
ing of the American Chemical Society, Chicago, Illinois, April, 1948. 



BOPECYLAMMONIUM CHLOBIDE IN WATER-ORGANIC SOLVENT SYSTEMS 1495 


that of 1.30 X IQr^ which had been previously obtained by the conductivity 
method (14). A value of 1.44 X 10~* molar has been recently reported (11). 
It has been observed (15) that solutions of dodecylammonium chloride in pure 
ethanol do not exhibit evidences of micelle formation when investigated by the 
conductivity method. Additions of small amounts of ethanol to dilute aqueous 
solutions of dodecylammonium chloride are attended by an irregular decrease in 
equivalent conductance, whereas similar additions to more concentrated solutions 
bring about a significant rise. The critical concentration is sli^tly lowered 
upon adding a small amount of ethanol; however, larger additions materially 
increase the concentration of colloidal electrolyte at the critical point. The 
solubility (16) of dodecylammonium chloride is much greater in mixtures of 



Fig. 1. The equivalent conductivity of dodecylammonium chloride in acetone-water 
solution. 

water and ethanol than in either of the components of such mixtures. The 
addition of alcohols such as butanol and pentanol greatly lowers the critical 
concentration. That many of these effects can be attributed to the colloidal 
nature of dodecylammonium chloride has been shoA^n by the facts that the 
solubility of hexylammonium chloride, which does not function as a colloidal 
electrolyte, is regularly reduced by the addition of ethanol to its aqueous solutions 
(16) and that the conductivity is uniformly lowered (15). In view of the pre- 
viously observed behavior of dodecylammonium chloride in mixtures of water 
and ethanol it was decided to extend this work to include other water-organic 
solvent systems and also to repeat the conductometric work with ethanol-'water 
mixtures. This present paper is, therefore, concerned with the conductivity 
behavior of dodecylammonium chloride in acetone, acetonitrile, methanol, and 
ethanol, and in aqueous mixtures of these solvents. 
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El^raOMEMTAIi 

llie preiMuntion and prcqierties tbe dodeoylammonium chloride used in this 
investigation have been previously described (16). Cohductanre measuraments 
showed ncme of tiie orguiic solvents employed to contain apprecial:de amounts d 
electrolytes. Density determinations were made upon the absolute eUiandi smd 
methanol and correcticms were made for their water contraits. The acetone 
used was Baker’s c.F. quality. Some difficulty was ejqperienced in obtaining 
acetonitrile with a sufficiently low conductance, c.p. acetonitrile was riiaken 
with phosphorus pentoxide and filtered. The filtrate was then sh^en with 
anhydrous potassium carbonate and distilled through a ^ass-helices-packed 
fractionating column. It was necessary to repeat the latter operation before 
the conductivity was satisfactory. The water employed had a conductance of 
about 1 X 10^ mhos. 

The solutions were prepared by dissolving the amine salt in the water-orgmiic 
solvent mixture. Dilute solutions were obtained by adding the appr(q)riate 
solvent mixture to more concentrated solutions. The electrical conductivities 
were determined in the manner and with the equipment previously described (17). 

BBSULTS AND DISCUSSION 
Acetone-water solutions 

Figure 1 shows the equivalent conductance of dodecylammonium chloride 
plotted against VNt in pure water and in various mixtures of acetone and water. 
The solubility of this salt in pure acetone is so small that a conductivity curve 
could not be obtained. It is apparent that when the solvent contains more than 
9.5 mole per cent acetone the curves are no longer typical of those of colloidal 
electrolytes. In dilute solutions, below the critical concentration, progressive 
additions of acetone result in lowered conductivities. The curve obtained for 
the amine salt in 49.5 mole per cent acetone appears to be an exception to this 
statement at very low concentrations of the amine salt. 

The addition of acetone increases the concentration of dodecylammonium 
chloride at the critical point. Thus, the value of 0.0144 N in pure water increases 
to 0.0177 N in 2.65 mole per cent acetone and to 0.0300 N in 5.77 mole per cent 
acetone. This increase in the critical concentration may be attributed to two 
causes: the decreased number of free ions occasioned by the weaker ionizing 
properties of the solvent and a lessened tendency of the free ions to associate 
in ^e mixed solvmit. This lessened tendency towards association may result 
from the decreased dielectric pnqierties of the solvent, which decrease magpiifies 
the effectiveness ci the repulsion of similariy charged ions. The effect of acetone 
upon the critical ciHicentration is the cqiposite of that produced by the addition of 
salts, rince fhe presence of salts inateria% lowers the critical concentration 
(6, 7, 19, 20). It has been i^ted (4) that riie position ai the critical point is 
affected by the cemeentration df the salt i<m opposite in charge to that <m the 
C(dU^^ aggregate and is independmt of the nature and cmioea^tkm ntf the 
odba ion. The effect of vuious salts and adds upon the deotrioal conductance 
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of aqueous solutionB of dodecylammonium chloride has bem recently investi- 
gated, and it has been Ebown that whereas metallic ions have a decided effect, 
hydrogen ions are essentially witibioat influence upon the position ctf the critical 
point. Such results are explainable on the basis of the decreased solubility of 
tile Iqrdrocarbon portion of the long-chain ions in the presence of sfdts. It has 
been tiiown (18) that the salting-out properties of salts have little connection 
with tile valences of the salt ions. Since acetone increases tiie critical concentra- 
tion, it is quite probable that its presence must increase the ability of the solvent 
to h(fld long-chain ions in solution and thus decreases their tendency towards 
association. 

It will be noted that the conductivities of solutions of dodecylammonium 
chloride in 2.65, 6.77, 9.50, and 14.04 mole per cent acetone, beyond the critica 



Fio. 2. The effect of acetone upon equivalent conductivity of dodecylammonium chloride 

point, are higher than those in pure water. Solutions in 26.9 mole per cent 
acetone show a higher conductivity only over a limited concentration range, 
whereas those in 49.5 mole per cent acetone have a lower conductivity over the 
entire concentration range. It is, therefore, apparent that the effect of the 
addition of acetone upon the conductance of aqueous solutions of dodecyl- 
ammonium chloride varies with the concentration of the amine salt. 

Figure 2 shows the equivalent conductance of various concentrations of 
dodecylammonium chloride plotted against the mole per cent of acetone in the 
advent. The addition of acetone to dilute solutions of dodecylammonium 
chloride produces a significant reduction in the conductivity. This effect is 
reversed with conoentration of amine salt higher than the critical point, since 
increase in the percentage of acetone produces a decided increase in the con- 
ductance Vfduee. This increase is such that the conductance reaches a maximum 
at from 3 to 10 mote per cent of acetone. The occurrence of these maxima is 
muioalirtedly d^iendent up<»i the colloidal properties of the colloidal etectrdytes. 
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aioce they do not occur with non-colloids. At (Koiccntrations beyond the mtkai 
point it has been postulated (10) that the colloidal particle ocntdstB of associated 
ions which have solubilised the undissooiated molecules of the oollfMdal ^ectro- 
Ijrtes. The solubilised molecules greatly reduce the mobility of the coUddal 
agp'egate and impart to it an abnonnal transference number. A reduction in 
either the sise or the number of the micelles will reduce the solulMlisation of the 
undissociated molecules. If this results in an increased number of free ions or an 
enhanced mobility of the micelles, the conductance of the system will rise. The 
maxima in the conductivity curves represent those points at which reduced 
association combined with the ionising properties of the solvent gives maximum 
values. On the water side of these maxima the conductivity drops because of 



Fio. 3. The equivalent conductivity of dodecylammonium chloride in acetonitrile-water 
solution. 

association attended by solubilisation, whereas on the acetone side it drops 
because of the weaker ionising properties of the solvent media. 

AceionitrUe-viater soltUions 

The equivalent conductances of dodecylammonium chloride plotted against 
VN, in pure water and in mixtures of water and acetonitrile up to and including 
66.0 mde p«* cent ot acetonitrile are shown in figure 3. Solutions containing 
more than 66.0 mde per cent of acetonitrile were not investigated because of the 
limited solulfility of ^ amine salt in such solvents. The curve for this salt in 
3.66 mole per cent acet<mitrile is characteristic of a coUoidid dectrdyte, the 
cimductance decreasing linearly until the critioid point md then dnqiping 
abruiHJ^. The critical concentration is sfig^tly increased. The presence of 
7.89 mde pmr cent or more oi aoet<mitrile in Ihe solvent brini^ about a profound 
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change in the shape of the curves. Instead of an abrupt drop at the critical 
point the curves for 7.89 and also 12.8 mole per cent acetonitrile actually show a 
slight rise followed by a gradual drop. A similar phenomenon has been recently 
reported (5) in the equivalent conductance curves of octadecylpyridinium chlo- 
ride in methanol-water mixtures, the conductances showing maximum values at 
concentrations materially remote from infinite dilution. Maxima in equivalent 
conductance curves are not confined to solutions in mixed solvents, since they 
have been observed in aqueous solutions of methylene blue (8), hexadecyl- and 
octadecylpyridinium iodides (1), and in certain quaternary ammonium com- 
pounds which contain two long-chain alkyl groups, such as didodecyldimethyl- 



Fig, 4. The effect of acetonitrile upon equivalent conductivity of dodecylammonium 
chloride. 

ammonium chloride (12). In the latter instance the presence of the maxima 
was attributed to a retarded solubilization of the undissociated molecules of the 
quaternary ammonium salts. 

When the solvent contains more than 12.8 mole per cent acetonitrile the 
conductance curves fall linearly with concentration. At high dilutions the 
conductance of dodecylammonium chloride in 66.0 mole per cent acetonitrile is 
higher than in the other acetonitrile-water mixtures investigated. 

The effect of the addition of acetonitrile upon the equivalent conductance of 
various c<mcentrations of dodecylammonium chloride is shown in figure 4. 
The similarity of these curves to those obtained for the acetone-water mixtures 
is apparent. Beyond the critical concentration, the addition of small amounts 
of acetonitrile is attended by an abrupt rise in the conductance values. Un- 
published observations indicate that the cationic transference numbers of 
dodecylammonium chloride at concentrations higher than the critical point are 
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materially loweued by tbe additioa acetooitt^. These lesutts are ei^laiiiable 
on the basis (rf a decreased assodariim tendtficy attended fay an iacree^ ttom- 
ber oi free ions. It is of interest to note that these maxima ooeor at approxi- 
matdy titat mole per isent of acetonitrile which rejnesents a transilaoB id tbe 
amine sidt freon a cedloidal to an ordinary dectredyte. 

Methanal--v)ater solutions 

Figure 5 diows tbe equivalent conductances of dodecylammonium chloride in 
pure water, pure methanol, and in various mixtures of water and methanol. 
The ciitioal conoentrati<m of this salt increases from 0.0144 N in pure water to 
0.0164 iV in 4.82 mole per cent methanol and 0.0250 N in 12.71 mole per cent 



Fig. 5. The equivalent conductivity of dodecylammonium chloride in methanol-water 
solution. 

methanol. Those solutions which contain 30.8 mole per cent or more of methanol 
show no discontinuities in their conductance curves. Ilie high conductances 
of dilute solutions of this salt in pure methanol are noteworthy. 

The equivalent conductances of various concentrations of dodecylammonium 
chloride plotted against the mole percentage of methanol in the solvent are 
shown in figure 6. At concentrations lower than the critical point the equivtdent 
ctmductance is at a minimum at approximately 40 mole per cent methand, the 
values then riring smoothly as the comporition of the solvent mixttue approaches 
either pure cconponent. At concentrations somewhat beyond the critical point 
the addition ci methanol is attended by a sUj^t drop in eqtiivalent conductance 
values. This drop is then fdlowed by au appreciable rise. These curves differ 
from ibose obtais^ for acetone-water and acetonitrile-water mixtures in that 
the maxima occiu* at higher cimeentrations of the cn-ganic addend. The alality 
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<A methand to reduce association is, therefore, less than that of acetone or 
Acetonitrile, as evidenced by the initial drop in conductance and also by the 
larger amounts required to produce a maximum value. The conductance of 
certain concentrations of this amine salt, beyond the critical point, is actually 
smnewhat greater in pure methanol than in pure water. This accounts for 
the relative flatness of the curves. 

EUumol-tmter solvlims 

The dectrical conductance of solutions of dodecylammonium chloride in 
aqueous ethanol has been previously investigated (16); however, because of a 
later correction (11) of the equivalent conductance curve for this amine salt in 
pure water, it appeared advisable to repeat this work. The equivalent con- 



ductances of solutions of dodecylammonium chloride in pure water, pure ethanol, 
and in mixtures of ethanol and water are shown in figure 7. The presence of 
3.27 mole per cent of ethanol in the solvent lowers the critical point slightly, the 
value of 0.0144 N in pure water being reduced to 0.0130 N in this solvent. 
Cbrrin and Harkins (3) have studied the effect of ethanol addition upon the 
critical concentration of dodecylammonium chloride, using dichlorofluorescein 
as the indicator. Their results show'ed an abrupt drop in the critical concentra- 
tion of this amine salt attendu^ successive additions of ethanol up to 15 per 
cent ethanol. Our results indicate a reversal of this effect, since 7.06 mole per 
cent ethanol gives a slightly higher critical point than that obtained in pure 
water. The addition of 9.95 mole per cent ethanol increases the critical con- 
coitration to 0.0454 N, Pereas 16.2 or higher mole per cent shows smooth 
curves for this salt. The equivalent conductance of dilute solutions of dodecyl- 
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results, combined with the previously observed lowering of the cationic trans- 
ference number (15) in the presence of ethanol, indicate a decreased tendency 
towards association of dodecylammonium chloride in the solvent mixture as 
compared to pure water. 

The addition of organic addends to aqueous solutions of dodecylammonium 
chloride brings about a progressive decrease in colloidal properties. This results 
in a transition of the amine salt from a colloidal to an ordinary electrolyte and 
maximum values in the equivalent conductances occur in the neighborhood of 
this transition point. Further experiments upon the effect of organic addends 
upon the electrical conductances of cationic colloidal electrolytes are now in 
progress. 


SUMMARY 

The equivalent conductance of dodecylammonium chloride has been de- 
termined in aqueous solutions of acetone, acetonitrile, methanol, and ethanol. 

The concentration of dodecylammonium chloride at the critical point is 
materially increased by the addition of acetone, acetonitrile, or methanol. 
Small additions of ethanol decrease the critical concentration; however, larger 
additions bring about a substantial increase. 

The addition of these solvents to aqueous solutions of dodecylammonium 
chloride at concentrations below the critical point of the amine salt lowers 
the critical conductance. Additions to concentrations beyond the critical 
point materially raise the equivalent conductance, maximum values being 
attained. The positions of these maxima are dependent on the concentration 
of amine salt and the nature of the orpnic addend. 

These results have been interpreted as evidencing a transition of the dodecyl- 
ammonium chloride from a colloidal to an ordinary electrolyte. 
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It is well known that many metal soaps, including those of the alkali and 
alkaline earth elements, form gels in hydrocarbon oils and some other organic 
solvents (1, 2, 4, 5, 6, 8, 10, 11, 13, 14, 15, 21, 22). The author has suggested 
that there is in oil a definite gel temperature range Umited by the setting point, 
Ti, and Ts, the temperature at which the system is transformed into a two-phase 
system of solid soap and oil which is either a paste or a suspension of micro- 
crystals (11, 12). It will be seen that the dispersion of soaps in oil was attributed 
to phase changes in the soap lattice. Confirmation of this idea was provided by 
the observation that the gel-forming soaps when heated in the absence of a 
solvent passed through a plastic phase intermediate between crystalline solid 
and liquid; and it was found that Ti and Tt — in this case, the melting point and 
the temperature at which the crystal-plastic transition occurred — were only 
slightly above the corresponding values for the soap-oil systems. The choice of 
the name ‘'plastic” was deliberate, isofar as this phase was regarded as similar to 
the long-chain macromolecules. Sodium soaps were an exception in that they 
exhibited signs of crystallinity in their intermediate phases. The numerous 
changes of texture when the soaps were heated between crossed Nicols were 
observed, but they were regarded as exceptional and some suspicion was felt 
that too much reliance should not be placed on changes of texture. The reality 
of these changes has, however, been demonstrated by Void in a series of papers 
(19), but the possibihty of complications due to small amounts of water and 
transitions from one fractional hydrate to another cannot yet be ruled out en- 
tirely. The meaning of results of x-ray examinations of sodium soap hydrates 
and soaps alleged to be anhydrous is difficult to assess, owing to the entire lack of 
any analytical information in the published work. Personally , I doubt whether 
a truly anhydrous sodium soap has yet been prepared. Whatever may l)e the 
true position, it seems certain that the sodium soaps are disting uis hed by a 
greater degree of crystaUinity in their mesophases than are the soaps of the 
heavy metals. 

Grease makers have ignored the question of these phase changes and claim 
that they can make fibrous or non-fibrous greases as they desire from a given 
soap by suitable “finidiing.” As will be shown later, the “finishing” may in- 
volve basic changes in the soap. All that this claim shows is the importance of 
the additional and difficult factor of crystal habit in addition to phase changes. 
Grease makers claim also that the effect of the chemical nature of the oil is cff 

‘ Presented at the Symposium on Gel F 9 rmation, Detergency, Emulsification and Film 
Formation in Non-Aqueous Colloidal Systems which was held under the auspices of the 
Division of Colloid Chemistry and the Division of Petroleum Chemistry at the 113th Meet- 
ing of the American Chemical Society, Chicago, Illinois, April, 1948. 
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much more importance for their greases than is the nature of the soap. This 
claim is entirely untrue and is made only because they have never made greases 
from pure soaps. 

The assumption that the temperature Ti is a phase change in the soap is 
based on evidence which is far from complete. It is notable, however, that Tx 
in a given soap in a given oil is remarkably constant over a very wde concen- 
tration range; e.g., for sodium stearate: 


SOAP 

• Ti 

per cent 

•c. 

25 

244 

15 

244 

8 

238 


240 


FACTORS DETERMINING THE GEL RANGE, 7\ -* T 2 

The setting point and consistency of a gel vary with the oil, being highest 
with least polar oils. It can be said roughly that the consistency at room tem- 
perature falls with fall of Ti, heeauBe at that temperature its value depends upon 
the temperature difference between room temperature and setting temperature; 
and that consistency will be the same for the same lowering of temperature 
below the setting point, w^hatever these temperatures may be, so long as the 
system remains in the gel temperature range. The difference in the behavior of 
pure soaps in any oil is very much greater than any difference due to change of 
oil. The effect of the cation is considerable. Calcium, barium, and strontium 
have very high values for Ti; the alkali metals have moderately high values for 
Ti and T 2 \ magnesium and aluminum also have moderately high values but 
copper and cobalt have much lower ones. The differences between the mem- 
bers of any group, e.g., the alkali metals, do not seem to be considerable nor to 
hold out any likelihood of making better grease by using, say, strontium or 
barium in place of calcium. The effect of mixing cations with a common fatty 
acid is most marked and will be discussed in another section. 

The effect of the anion, that is, of the chain length of fatty acnd, is very marked 
also, altliough this is masked in mixtures which obey an additive relation. 
Using pure soaps, no solubility can be expected below laurates. Even with this 
chain length, very high temperatures are required to get the soap into true 
solution and some, e.g., thorium and calcium soaps, do not dissolve in Nujol even 
at 350®C. Sodium laurate dissolves in Nujol at 344®C. and separates as a 
liquid which solidiffes at a slightly lower temperature. The myristates, palmi- 
tates, and stearates show the full range of gelation phenomena. Higher soaps 
have not been examined, with the exception of the alkali cerotates. My observa- 
tions fihow that they still gel but show a lowering of Ti from the values of stearates, 
presumably owing to the greater solvent action of the much longer hydrocarbon 
chain. Equimolecular mixtures of lithium soaps showed values of Ti inter- 
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mediate between those of the two compooente. Laurates inaoluUe in the oil 
can be incorporated into solution in more sduUe soiHPs* Oleates values for 
Ti cooButerably below those for the stearates but the values for 7i are erratic. 
Sufficient dleates have not been studied to make any more d^nite statements. 

The assumption that a phase change occurs in the soap at 7t is not supported 
by conolufflve evidmce e»sept in the case of the sodium soaps where birefringmce 
appears. It is possible that this is not an abrupt change at all, but-one occurring 
as a very great increase of viscosity over a few degrees, simihu: to the mass 
action equilibrium suggested by Hartley to explain the Krafft point in aqueous 
systems of the soda soaps (7). In most cases, however, the 80 iq> has no mo- 
lecular solubility except above Tt and the gels cannot therefore be regarded as 
equilibrium mixtures of colloid and crystalloid. I have observed that pure 
calcium stearate dispersed in Nujol riiows curious features. On heating from 
room temperatiue, segregation of the soap occurs to a lump swollen by oil with 
the remainder of the oil free from soap; just below its Ti the soap expands again 
until a h<anogeneous solution is obtained. This swelling appears to proceed 
over a temperature range of some 5®, but the very poor thermal ctmductivity of 
soaps requires that the experiment be carried out mth much more adequate 
t^perature control. Even better, measurements of the viscosity changes over 
this t^perature range would show whether or not the change is discontinuous. 

That Tz is a phase change is demonstrated in a number of ways. The soaps 
below it are, as <me would expect from the very high viscosity of the plastic 
form in which they grow, micro- or crypto-crystalline. My oiigmal method of 
determining the temperature of the transition is very satisfactory. This de- 
pends upon the fact that the soap above Tz is sticky and adheres to glass, whereas 
below Tz it becrnnes brittle rmd does not adhere, but crumbles when rubbed. 
X-ray examination of the stearate and oleate of cobalt showed that the former, 
below Tt at room temperature, gave long and side spacings whereas the oleate 
above Tz gave oirly side spacings. Moreover, the crystaliine form of soaps 
below Tz can be shown in a most degant manner by drawing out a fiber on the 
end of a glass rod from a plastic melt sli^tly above its Tf Under these condi- 
tions, a ^>ecimen is obtained which has a high birefringence and which shows 
parallel mctinction. Soaps in the fully crystalline state are oil-repellent but the 
plastic phase is wetted. 

In oil, it appears that a pseudo-gel can occur below Tz- The system is meta- 
stable and cryptocrystalline. A 1 per cent solution of aluminum monostearate 
required someS weeks to revert to su^nsicm of soap in oil and then, cm warming, 
suddmily cleared to gel with large increase of conristency at Tt- This was 
rqpeatable at will. When the soap content is increased, the metastability is also 
greatly mcreased, but I think that at concentrations of 15 per cent or so the 
orumlffing which is observed is due to the system bemg in the two-jffiase state. 
It cramblea because the soap is present as hard fully cryirinlline lattice and not 
in fleril:^ threads as in the plastic state. The exctdlmt low-temparature 
performance of fithium s<Mq> greases is due, I think, to tihehal^ ttf the solid soap. 
On cooling a hot solution of a li^um soap, a perfectly clear gel is formed first 
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but, <Hi further cooling, bluidi opalesc^ce is seen. I suggest that this is the 
phase change at Tt which is peculiar to the lithium soaps cmly. in that the solid 
soap remains with a crystal habit n^ch still gives good gels. I suggest further 
that breakdown of gels on working is due to the soap being in its fully crystalline 
state and that any grease in which the soap is below its T 2 will always show break- 
down on working suflSciently. Measurement of streaming birefringence would 
be the best method of establishing this point. The failure of large-scale batches 
of riuminum soap greases is, I suggest, due to crystallization owing to the slow 
rate (rf cooling. That they gel on re-heating and sudden chilling supports this 
view. This must not be taken as suggesting that all greases below their Tt are 
metastable, since it is obvious that crystallization at Tt need necessitate no 
particle growth — only a change of the physical properties of the soap particles. 

PEPTIZATION 

Soaps dispersed in oil are readily peptized by small amounts of polar sub- 
stances just as they are in aqueous systems and by the same sort of substances 
for the most part. In oil systems, water is most active. This property has been 
made use of by grease makers to stabilize lime soap greases. These, from the 
properties of the pure calcium soaps, should have high melting points. Addition 
of water, however, is necessary to stabilize them from ^neresis at normal tem- 
peratures and this has the effect of lowering Ti to such an extent that the high- 
melting-point properties are lost in these greases. It has been stated frequently 
that this water is emulsified, and the statement often followed by the remaik 
that the emulsified water cannot be seen under the microscope. The writer 
pointed out that the action of water is similar here to that of other peptizers and 
that some hydrolysis occurs (12). Figure 1 shows a general picture of peptiza- 
tion and, from it, we can see that the effect upon Ti is greater than upon Tt, so 
that the gel temperature range is reduced until it is eliminated and solid soap 
separates direct from liquid solution. It is consequently in larger crystals. 
It would seem from such experiments as I have carried out that there is a lower 
temperature limit beyond which it is impossible to peptize further. I have 
maiked this Tt, and it is the temperature at which solid soap separates from the 
peptized solutions in oil. It would be surprising if it really were always the same 
nor would its phyucal significance be clear, but remarkable uniformity was found 
with peptizers such as cresylic acid plus oleic acid and amyl alcohol plus oleic or 
capiylic acid. 

Sodium stearate, both in the dry state and in Nujol, appears to form a complex 
with 1 molecule of stearic acid. Calcium stearate is fully peptized by 1 molecule 
but adds on two before a transition occurs in the melting point-concentration 
diagram. Ferric stearate crystallizes from alccdiol with 3 molecules of stearic 
acid. 

There is a distribution of peptizer between soap and oil or water. Substances 
most soluble in the solvent, such as the lower alcdiols, glycol, and glycerd in 
water, are poor peptizers in aqueous systems compared with their higher homo- 
logues. When, however, the peptizer molecule becomes too large, e.g., oleyl 
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alcohol or xylenol (17), complex formati<m can etill occur but the complex is not 
peptized as it is less soluble than the so^p alone. Hence the best p^izers are 
substances of intermediate molecular wdght, such as amyl alcdid, benzyl 
alcohol, cresol, aniline, and nicotine. In oil the reverse holds good, since the 
larger molecules tend to become distributed in favor of the solvent ml and lesp is 
attached to the soap. Cresol is still one of the best; glycol, lactic acid, and the 
intermediate alcdbols are all good. The acids such as lactic and acetic can be 
used only up to one molecule per molecule of soap, after which further addition 
causes decomposition. 

I have used the word “peptize” to describe this action deliberately in its 
proper smise, meaning to increase the dispersion, and to make clear the difference 



between this method of increasing the solubility of the added substance and that 
which I called “internal solubility” (9). The name “solubilization” is a good oue 
so long as it is realized that it covers three distinct cases: true internal s(dubiliza- 
tion of inert substances insoluble in water; solubilization of substances insoluble 
in water but containing polar groups, e.g., dyes; and those cases where the soap 
is peptized by the substance solubilized. 

I would suggest that the essential condition for all solubilization is that the 
soap should be in a mesomorphic state, such as the “soft” potassium soaps and 
sodium deate. The case is less clear in solubilized substances in the ss^thetic 
wetting agents where these mesomorphic states are rarer, but the effect of the 
polar groups in substances solubilized must alter the soap lattice in some way. 
A number of lines of evidence point in the same direction, namely, that sub- 
stances containing polar groups associate very readily with soaps and soap-like 
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substances: Speakman^s results for the effect of oleyl alcohol upon the inter- 
facial tension of solutions of soaps against oil (2) ; penetration of monolayers by 
long-chain alcohols; and Dervician’s complexes of long-chain sulfates which 
show so beautifully the whole range of classical mesomorphs (3). It may be 
recalled too that an adsorbed film is physically a very concentrated solution how- 
ever dilute the solution from which it is adsorbed. There seems to be a tendency 
in recent publications to describe the swelling of a lattice of soap by solubilized 
oil as an expansion of a fully crystalline lattice, an explanation which ignores 
entirely the fact that most of this work has been carried out in solutions of 
potassium soaps which are in the ‘‘soft*^ soap phase, whatever that may be 



Fig. 2. Mutual peptization of soaps containing the same fatty acid but different cations, 

physically. 1 consider it most unfortunate that these x-ray studies have not 
been accompanied by optical examination of the solutions in polarized light 
either in the stationary or the flowing condition,* This criticism also applies to 
the beautiful electron microscope photographs of lubricating greases which have 
been published recently. 

* Void has commented recently upon the golden yellow color of certain phases of sodium 
soaps when heated. I have observed the same phenomenon but have had no opportunity to 
examine it further. Why always yellow? It seems that it cannot be a normal interference 
color, otherwise it would vary with the thickness of the specimen and other colors would be 
seen. It would appear to be caused by some second-order interference effect due to regu- 
larity of layer spacing of some 3400 A. and perhaps similar to the cholesteric colors shown 
by the fatty acid esters of cholesterol in the mesomorphic state. 
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MtmTAI. PsrrtKAXION BT 0AT1ON8 

llie writer tried to prevent the ^y&erane cd pure dry eeleium sbewete in 
Nujcd by adding a small amount vi silver stearate, which is in tiie gd state at die 
ten^terature of onoeiesis. Hie eKporiment succeeded, but it was tiboi found 
that fuiihor addition oi silver stearate peptised the calcium stearate maricedly 
until much consistency was lost and the setting pcwt of the systmn fell. It was 
then found that mutual peptisatacm of soi^ containing the same fatty acid but 
different catiims is quite general. Figure 2 shows the type oS effect. Not only 
are the consistency and setting point of the gel greatly reduced but at the 1:1 
mdecular ratio eutectic point, the colm* of colored ions, such as cobalt, ec^per, 
nickel, and ferric,* is almost ccnnpletdy bleached. The pepti8ati<m is so great 
at the eutectic composititm that the gelaritm is eliminated and the setting point 
is the temperature at which ciystalline sotq) separates. This bleaching d the 
above colored stearates has been achieved with stearates of sodium, lithium, 
aluminum, magneaum, and by the non-gelling one and thallous soaps. Mutual 
decolorisation of ferric and cobalt soaps and of ferric and copper so^w has also 
been observed. The bleaching is never quite complete. It is a phmunnenon, 
like other peptization, of the liquid state. When cooled sufficiently for solid 
soap to separate, the soaps crystallize out separately. This effect shows what 
care needs to be taken in ensuring that soaps of heavy met^, prepared by 
metathesis from soditim soaps and a salt the metal, are freed from sodium soap. 
Analytical control should include determinatiem of water-soluble ash. 

This paper ermtains speculaticms and generalizations which are put forward 
not as proven conclusions so much as to stimulate discussion and furUrer work 
and in the belief that the methods of physical chemistry can be applied success- 
fully to systems apparently so complex as those of sotqr and oil. If the work 
carried out so far has done no more than indicate the fimdamental experimental 
difficulties and the pitfalls to be avoided, it will have served a usefid purpose. 
It is obvious that there is scope for important stcademic investigations as well as 
us^ul applications. We have seen that the properties of soaps are modified 
profoundly by just those impurities which are most likely to be present — ^water, 
fatty acid, and foreign cations. No work which is not carried out with a pro- 
found respect for chemicsd purity can do anything but increase c<mfuricn. Fur- 
ther increase of our knowledge of the metal soaps cannot fail one day to mrich 
our present meagre fundamental knowledge of emulsitms. Professor McBain 
<moe rsanarked that the more colloidal soap systems were examined, the m<Hre 
ciystallbidal they were found to be. Those were brave words; and they have 
b^ justified not (mly by his own work on soaps but by the great increase d 

' Cioiiimercisl ferric stearates are very impure. The tristearate was made by metathesis 
of aahydrouB ferric chloride in warm benzene with triethylamine stearate idso in benzene. 
Triethylamine hydrochloride separates out on cooling to about 30°C. and is filtered off; 
the fwrie stearate separates on standing at room temperature. It is filtered off and purified 
by re-diaBolving in petroleum ether (b.p. 80-100”C.), filtering the hot solution from the re- 
nsphiiBi triethylamine hydrochloride, and allowing the soiq> to separate oa stanefing. It is 
'ektn^^ly rea<fily hydrolyzed and shows no signs of forming intermediate stoiehiometrio 
bshlciWaps like those of aluminum . It does not form gels in oil , m.p. $3*C. 
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our knowledge of the whole domain of coUoids. The metal soaps must not be 
regarded as exceptions to that rule. 
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Weiss Magnetons as Components of Nuclear and Subnuclear Structures. By Theodore van 

ScHELVEN. 24 X 16 cm.; 34 pp.; 4 hg. Amsterdam: Kosmos Publishing Company, 1945. 

Price: $3.00. 

In the opening page the author correctly takes the ratio of the masses of the proton and 
electron to be 1840 and the ratio of the magnetic moments of the Bohr and Weiss magnetons 
to be very nearly 5. He then proceeds to say, “. . . the ratio of the mass of the protonic 
nuclear structure to the mass of the Weiss magneton is then 6 X 1840 — 9200.*^ Thus mass 
and magnetic moment are incorrectly treated as the same kind of quantity. The assump- 
tion is then made that 9200 Weiss magnetons are pre^sent in the proton, and 5 in the electron. 

*The next problem is to find the structure in which these 9200 units can be arranged, 
probably in a regular manner in a space lattice, assuming that the Weiss magneton unit is 
approximately spherical and that the nucleus is not a gas or a liquid drop.” The remainder 
of the volume is taken up by the author’s speculations on the structures of various kinds of 
atoms based on this hypothesis. It does not appear to add anything of value to nuclear 
physics and is clearly basically opposed to current views on this topic. 

S. SUODEN. 

Inorganic Process Industries. By Kenneth A. Kobe. 371 pp. New York ; The Macmillan 

Company, 1948. 

This excellent little book on the inorganic process industries considers the fundamental 
chemistry involved, applies physical chemistry, and represents the economics as well as the 
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unit operations that are used for any of the proeesses given. Alternate methods of produe* 
tion are not only presented but compared as to the economics as well as the equipment used. 
Statistics are numerous. All drawings of diagrams as well as of equipment are clear and 
understandable. The subject of water treatment^ however, has been omitted. Though 
this might not be considered as a process industry, it is of such importance to industry that 
a chapter should have been included. 

The first chapter on the chemical literature is desirable for the surveys that are reoom* 
mended for the students to make. Few libraries are equipped with enough copies of this 
literature to accommodate a large class. The same criticism holds for the literature refer- 
ences at the end of each chapter which the students are supposed to use. 

The material in this book is well selected and the arrangement in each chapter is good, 
but it requires an experienced instructor to supplement much of this material. It is an 
excellent and usable book on inorganic process industries and is limited in content to the 
work of about one semester. It should be a welcome volume to those teaching such courses 
as industrial chemistry or inorganic technology. 

Chablbs a. Mann. 

Molybdenum: SieelSf Irons, Alloys. By R. S. Archek, J. Z. Briggs, and C. M. Loeb, Jr. 

391 pp.; 188 fig.; 91 tables 4- appendices. 500 Fifth Avenue, New York, 18: Climax 

Molybdenum Company, 1948. 

This treatise consists of ten main divisions: Technical Effects, Fundamental Effects of 
Heat Treatment on Microstructure, Additions, Wrought Alloy Engineering Steels, Wrought 
Corrosion Resistant Steels, Wrought Steels for Elevated Temperature Service, Tool Steels, 
Steel Castings, Cast Iron, Special Purpose and Non-ferrous Alloys. About 23 pages are 
appendices dealing with specifications of steels, conversion tables, etc. 

The book is primarily for metallurgists rather than for chemists as it deals mostly with 
metallurgical data. It is well written and gives many references for each separate division . 
Most of the references are quite recent and have been carefully selected for the purpose in- 
tended. 

The text is, in a way, a correlation of recent research information on the subject 
of molybdenum as applied to alloys. It is w^ell indexed and is recommended to those in- 
terested in molybdenum alloys. 


R.L. Dowdell. 
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